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Abstract: Nitrogen (N) and sulfur (S) fertilization significantly affect seed yield and quality in Brassica
oilseed crops. The effect of N and S management on the crop parameters (plant height, stem-base
diameter, and number of branches), yield (seed yield components, seed and straw yields, harvest
index—HI), and the quality of the seeds and oil (crude fat—CF, total protein—TP, crude fiber—CFR,
fatty acids profile—FA, acid detergent fiber; and neutral detergent fiber) of oilseed radish (Raphanus
sativus L. var. oleiformis Pers.) was analyzed in the study. The effect of N and S fertilization was
evaluated in a field experiment in Balcyny (north-eastern Poland) in 2020-2022. The experiment had
a split-plot design with two factors and three replications. The first factor was the N rate (0, 30, 60, 90,
120 kg ha~!) and the second factor was the S rate (0, 15, 30 kg ha~1). Nitrogen fertilization stimulated
stem elongation and branching. The average oilseed radish (OSR) seed yield ranged from 0.59 to
1.15-1.25 Mg ha~!. Seed yields increased significantly, up to 90 kg N ha—! and 15 kg Sha~'. The N
fertilizer use efficiency (NFUE) of OSR decreased with a rise in the N rate (from 4.22 to 2.19 kg of seeds
per 1 kg N). The application of S did not increase NFUE. The HI ranged from 10% (0-30 kg N ha—!)
to 12% (60 kg N ha~1). The contents of CF, TP, and CFR in OSR seeds (kg*1 dry matter—DM) were
383-384 g, 244-249 g, and 97-103 g, respectively. Nitrogen fertilization decreased the CF content (by
5%) and increased the contents of TP (by 5%) and CFR (by 16%) in OSR seeds. Sulfur fertilizer applied
at 30 kg ha~! decreased the CF content (by 2%), but it did not alter the content of TP or CFR. Oilseed
radish oil contained 68-70% of monounsaturated FAs (MUFAs) (erucic acid accounted for 2/3 of the
total MUFAs), 24-25% of polyunsaturated FAs (PUFAs), and 6-8% of saturated FAs (SFAs). Nitrogen
fertilization increased the proportions of SFAs and PUFAs in OSR oil. Nitrogen rates of 60-90 kg ha™!
increased the contents of alpha-tocopherol (x-T), beta-tocopherol (3-T), and gamma-tocopherol (y-T)
in OSR seeds by 32%, 40%, and 27%, respectively. Sulfur fertilization increased the content of PUFAs
and decreased the content of MUFAs in OSR oil, while it increased the contents of «-T (by 15%)
and v-T (by 19%) in OSR seeds. Proper N and S management in OSR cultivation can improve crop
productivity and the processing suitability of seeds.

Keywords: Raphanus sativus L.; biomass yield; fat and fatty acids; protein and fiber; tocopherols

1. Introduction

The genus Raphanus L. consists of several plant species that are cultivated for their
edible seeds (oilseed crops) and roots (vegetables) [1]. Genetic research indicates that wild
radish was domesticated in at least three independent areas in the Eastern Mediterranean
Region and East Asia [2-4]. Spanish radish (Raphanus sativa L. var. niger Kerner) roots
were already an important part of the human diet in ancient Egypt (2000 BCE) and China
(1100 BCE). In addition to root vegetables of the genus Raphanus, oilseed varieties, including
oilseed radish—OSR (Raphanus sativus L. var. oleiformis Pers.), were also developed in China.
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In the early 19th century, OSR was imported from China to Central Europe and it was first
cultivated in Silesia (southern Poland) [5].

Oilseed radish is a spring annual plant of the family Brassicaceae that produces a strong
taproot with numerous side roots that penetrate the soil to a depth of 1.5 m. The stem
reaches a height of 70-120 cm and produces numerous branches in the upper part [1,6]. The
structure of OSR leaves, flowers, and inflorescences is typical of the family Brassicaceae. The
fruit consists of indivisible siliques (without sutures or a central partition) with an irregular
shape (pod- and pear-shaped), a length of 2-6 cm, and a thickness of 0.4-0.5 to 1.0 cm.
Siliques taper to a sharp point at the end [1,6]. Seeds with a weight of 12-20 g (thousand
seed weight—TSW) are embedded in parenchymal tissue inside siliques (Scheme 1). Seed
pods tend to fall to the ground without shattering, especially in dry years [1].

Scheme 1. Siliques (horizontal and vertical cross-sections) and seeds of oilseed radish cv. Toro.

Oilseed radish has several advantages in the production process, including (i) a short
life cycle (90-120 days), (ii) low agronomic requirements, (iii) low production costs, (iv) a
high oil content, and (iv) a high oil yield of cold-pressed seeds [1,7]. The crude fat (CF)
content of OSR seeds ranges from 284 to 398 g kg ™! dry matter (DM) [8-12]. Crude fat is
abundant in very-long-chain fatty acids (FAs), including erucic acid (Cp.1, 18-33%) and
eicosanoic acid (Cpp.1, 8-11%) [11-15]. The extracted oil is characterized by high oxidative
stability due to high concentrations of phytosterols and tocopherols (Ts) [16]. The content
of gamma-tocopherol (y-T) in OSR seeds (11.4 mg 100 g~ ! seeds) is comparable to that
reported in rapeseed (Brassica napus L.), field mustard (Brassica rapa L.), and Indian mus-
tard (Brassica juncea L./Czern.) [17]. Similarly to other plants of the family Brassicaceae,
OSR seeds contain glucosinolates (GSLs, 120-182 uM g~ 1) [7,18], including glucoraphanin
(50-52% of total GSLs) and glucoerysolin (39-41% of total GSLs) [18]. Glucoraphanin is
hydrolyzed directly to sulforaphane, a compound with anticarcinogenic properties [19],
which removes carcinogenic chemicals and confers protection against carcinogens and
inflammation in humans and animals [20]. However, high levels of Cpp,; and GSLs limit
the suitability of OSR seeds for food and feed production [14,15]. A high dietary intake
of Cyp.1 increases the risk of cardiovascular disease [21], whereas high dietary inclusion
levels of GSLs inhibit animal growth, decrease fertility, increase the risk of hyperthyroidism
or hypothyroidism by disrupting iodine metabolism, exert negative effects on the cardio-
vascular system, and increase the risk of liver and kidney dysfunction, bronchitis, and
pneumonia [22]. The contents of total protein (TP) and crude fiber (CFR) in OSR seeds range
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from 268 to 300 g kg’1 DM, and from 120 to 140 g kg’1 DM, respectively [7,9]. Oilseed
radish is an ideal raw material for industrial processing due to the chemical composition
of its seeds. Oilseed radish oil has numerous applications in the oleochemical [15] and
petrochemical industries [23,24].

The seed yield of OSR ranges from 0.6-1.5 to even 2.0-2.9 Mg ha~! under supportive
soil and climatic conditions [8,9,11]. In the humid continental climate of European Rus-
sia (Dft—Koppen climate classification), OSR yields are comparable to crambe (Crambe
abyssinica Hochst ex R.E. Fries) (2.4 Mg ha—') and exceed the yields of other Brassica oilseed
crops by 10% (winter camelina—Camelina sativa L./Crantz), 16-20% (spring camelina,
spring rapeseed, and oil flax—Linum usitatissimum L.), and 24% (white mustard—Sinapis
alba L.) [11]. In western Poland (Dfb), OSR yields were 67% and 24% lower in comparison
with white mustard and crambe, respectively, but they exceeded the yields of the remaining
spring oilseed crops of the family Brassicaceae by 5% (field mustard and spring camelina) to
19-28% (spring rapeseed and Indian mustard) [8].

Plants of the family Brassicaceae accumulate significant quantities of TP and biologically
active compounds (mainly GSLs) in seeds, and they are characterized by a high demand
for fertilizers, mostly N and S [25]. Brassica crops have high N requirements because their
seeds synthesize large amounts of TP [26]. Brassicas also have a high demand for S, which
directly participates in the biosynthesis of sulfur-containing amino acids (cystine, cysteine,
methionine) that act as precursors of biologically active compounds such as alkene GSLs,
glutathione, thiamine (vitamin B1), biotin (vitamin H), coenzyme A, lipoic acid, thioredoxin,
and sulfolipids [22,27-30]. Nitrogen and S fertilization significantly affect the yield and
quality of seeds in Brassica oilseed crops, including winter rapeseed [31], camelina [32-34],
Indian mustard, spring rapeseed and field mustard-type canolas, and Indian mustard and
white mustard-type mustards [35]. Fertilization also has a considerable influence on energy
consumption in seed production in Brassica oilseed crops. This agronomic operation is
responsible for 53-54% of energy inputs and 75-89% of greenhouse gas emissions in the
cultivation technologies of Brassica oilseed crops [36].

Inadequate or excess supplies of N and S can decrease seed yield and quality [37-40].
Sulfur deficiency decreases TP content, increases nitrate concentration, and promotes
proteolysis in plants [41]. In turn, an adequate S supply increases nitrogen fertilizer
use efficiency (NFUE) and nitrogen agronomic efficiency [41-43]. Sokolski et al. [44]
demonstrated that in crambe cultivation, S fertilizer increased NFUE by 22-39%. Sulfur
fertilization also increased NFUE in the production of other alternative Brassica crops,
including camelina, white and Indian mustard, and field mustard [34,45-49]. Jankowski
et al. [50] and Jankowski and Sokdlski [51] found that the incorporation of S into the N
fertilization regime not only increased seed yields in spring camelina and crambe but also
improved energy efficiency in the production technologies of these crops.

In the scientific literature, the effect of combined N and S fertilization on the growth
and development of OSR plants, seed yields, and seed quality has not yet been analyzed.
The role of S in improving N agronomic efficiency in OSR cultivation has not been explored,
either. The present study was undertaken to verify the following research hypotheses:
(i) combined N and S fertilization promotes the growth of OSR plants and increases seed
yields; (ii) the incorporation of S into the N fertilization regime increases NFUE, in particular
at high rates of N fertilizer; (iii) a rise in N and S rates induces a decrease in CF content and
an increase in TP and CFR contents; and (iv) S and N management modifies FA profile and T
content. The objective of this study was to evaluate the effect of N and S fertilization on the
parameters of OSR plants grown in north-eastern Poland (plant height, stem-base diameter,
and the number of primary productive branches), OSR yields (seed yield components; seed
and straw yields; and harvest index—HI), and the processing suitability of OSR seeds and
oil in the oleochemical industry and in the production of biobased products (contents of
CF, TP, and CFR; FA profile; content of acid detergent fiber—ADF and neutral detergent
fiber—NDF; and T content).
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2. Materials and Methods
2.1. Field Experiment

A field experiment with oilseed radish (Raphanus sativus L. var. oleiformis Pers.)
was conducted at the Agricultural Experiment Station (AES) in Batcyny (53°35'46.4" N,
19°51’19.5” E, north-eastern Poland) in 2020-2022. This station is affiliated with the Univer-
sity of Warmia and Mazury in Olsztyn. The experiment had a split-plot design with two
factors and three replications. The first factor was the N rate (0, 30, 60, 90, 120 kg ha—1) and
the second factor was the S rate (0, 15, 30 kg ha—!). Rates up to 90 kg N ha~! were applied
once immediately before sowing, whereas rates above 90 kg N ha~! were divided into two
applications: an initial 90 kg ha ! before sowing and a subsequent 30 kg ha~! during BBCH
stages 12-13 (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie [52]).
Ammonium nitrate (Pulan, Grupa Azoty SA, Pulawy, Poland; 34% N) was the source of N,
and potassium sulfate (KALISOP®, K+S Aktiengesellschaft, Kassel, Germany; 18% S, 41.5%
K) was the source of S, which was applied immediately before sowing.

Each plot had an area of 15 m? (10 by 1.5 m). Winter wheat (Triticum aestivum L.) was
grown as the forecrop. After harvest, the soil was skimmed (to a depth of 8-10 cm) and
harrowed with a light-duty harrow. Before sowing, the soil was plowed (24-26 cm), tilled
(4-6 cm), and leveled. Oilseed radish cv. Toro was sown on the following dates: 1 April
2020, 12 April 2021, and 7 April 2022, using a Promar SPZ-1.5 plot seeder (PW PROMAR
Ltd. Poznan, Poland). The sowing density was 100 pure live seeds m?, the row spacing was
19 cm, and the sowing depth was 2 cm. In total, 20 kg P ha~! (enriched superphosphate,
Super Fos Dar, Grupa Azoty Fosfory Ltd., Gdansk, Poland; 17.4% P) and 83 kg K ha~! were
applied immediately before sowing. In treatments without S fertilization, potassium was
applied only as potash salt (60er Kali® gran., K+5 Aktiengesellschaft, Kassel, Germany; 50%
K). In treatments with S fertilization, potassium sulfate (KALISOP®, K+S Aktiengesellschaft,
Kassel, Germany; 18% S, 41.5% K) was applied to balance the S rate (15 or 30 kg ha™1).
When 15 kg S ha~! was applied as potassium sulfate, 34.6 kg K ha~! was supplied to the
soil. In these treatments, potash salt was applied at 48.4 kg K ha~! to achieve the desired K
rate. When 30 kg S ha~! was applied as potassium sulfate, 69.2 kg K ha~! was supplied
to the soil. In these treatments, potash salt was applied at 13.8 kg K ha~! to achieve the
desired K rate. Dicotyledonous weeds were controlled using metazachlor (800 g ha™!),
applied two or three days post-sowing. Insecticides were applied four times during the
growing season: (i) 5 g ha~! of deltamethrin (BBCH 52), (ii) 20 g ha~! of acetamiprid +
6 g ha~! of lambda-cyhalothrin (BBCH 55), and (iii) 60 g ha~! of thiacloprid + 6 g ha~!
of deltamethrin (BBCH 60). Fluopyram at 125 g ha~! and prothioconazole at 125 g ha™!
were applied in BBCH stages 6667 to protect plants against pathogens. The plots were not
irrigated. Oilseed radish was harvested in BBCH stage 89 (05-17 August) using a small-plot
harvester (Wintersteiger Classic, type 1540447, Ried im Innkreis, Austria).

The experiment was established on Haplic Luvisol originating from boulder clay [53].
In each year of the study, soil samples were collected (0-20 cm depth) before fertilization and
sowing to determine the chemical properties of the soil. Composite samples were made by
combining 10 cores from each plot. The soil pH ranged from 6.2 to 6.4 and the soil nutrient
levels ranged from 11.1 to 12.2 g kg ™! of Corg, 1.12-1.32 g kg ™! of Nigrq), 37.5-62.8 mg kg~
of P, 112.1-166.0 mg kg~ ! of K, 43.0-61.0 mg kg ! of Mg, and 2.4-6.9 mg kg ! of SO; .
The methods used for evaluating the chemical properties of the soil were described by
Jankowski et al. [34].

2.2. Weather Conditions

In each year of the experiment (2020-2022), the growing seasons (April-August) dif-
fered in precipitation levels and temperature (Figure 1). In the first year of the study,
the mean daily temperatures were comparable with the long-term average (14.6 °C). In
years 2 and 3, the mean daily temperatures in April-August were 0.5 °C above the long-
term average. In general, between sowing and bud formation (April and May), the mean
daily temperatures were lower than the long-term average (by 0.9-2.1 °C and 1.2-3.2 °C,
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160
m 2020 2021
140
- 2022 1981-2015
e 120

/A

80
60
e 2020) 2021 40
2022 1981-2015 0 I
0
Apr May Jun Jul Aug

Total monthly rainfall (mm)

May Jun Jul Aug

Month Month

Figure 1. Weather conditions during the growing season of oilseed radish in 2020-2022 and the
long-term average (1981-2015). Meteorological data were acquired from the PM Ecology automatic
weather station (PM Ecology Ltd., Gdynia, Poland) in the AES in Balcyny.

The analyzed growing seasons were characterized by much greater variations in
precipitation levels and rainfall distributions. In the first and third years of the study, the
total rainfall in April-August slightly exceeded (9-14%) the long-term average (311 mm).
Precipitation levels were most favorable in the second year of the study. In this growing
season, precipitation was 45% higher in comparison with the long-term average. The
rainfall distribution in spring and summer also differed significantly from the long-term
average. The rainfall distribution was least favorable in the third year of the experiment
when precipitation levels were below the long-term average in April (by 33%), May (by
19%), and July (by 25%). In the first and second years of the study, the total rainfall was
below the long-term average only in July (by 53%) or June (by 56%) (Figure 1).

2.3. Parameters Determined in the Field

The main crop parameters (plant height, stem-base diameter, and the number of
productive branches) and yield components (plants m~2, siliques plant~!, and seeds
silique ') were determined in BBCH stages 80-82. To estimate stand density (plants m~2),
OSR plants were counted in a 5 X 1 m section of each of the two middle rows. Plant
height, stem-base diameter, and the number of productive branches were determined in
10 plants sampled from each plot. The number of siliques plant~! was counted in 10 plants
in each experimental treatment, and 50 siliques were sampled from the two middle rows to
determine the number of seeds silique’l. In each plot, TSW, seed yield, and straw yield
were determined after harvest. The obtained values were converted to 91%, 91%, and 86%
DM, respectively. The DM content of seed and straw biomass was calculated with the use
of Equation (1). Seed and straw samples of 1 kg each were dried in an FD 53 oven (Binder
GmbH, Tuttlingen, Germany) until a constant weight was reached. The harvest index (HI)
was calculated with Equation (2):

0, — d
DM (%) = M, x 100 1)
where

Mg—dry sample weight, after drying (g).
M,,—wet sample weight, before drying (g),
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HI — Seed yield(Mg DM ha ')
Seed and straw yield(Mg DM ha ')
NFUE was calculated with the use of Equation (3) [35]:

x 100 @)

Seed yield in N treatments(kg ha 1) — Seed yield intreatment swithout N(kg ha )

NFUE = .
N rate(kgha ™)

®)

2.4. Seed Quality

The quality of OSR seeds was evaluated based on the following parameters: the
contents of CF, TP, and CFR (g kg_1 DM seeds); the contents of NDF and ADF (%); FA
profile (%); and the content of Ts (mg 100 g~! seeds). The procedures for analyzing the
contents of CF, TP, CFR, NDEF, and ADF, and the FA profile were described previously by
Jankowski et al. [34]. The contents of «-T, 3-T, y-T, and &-T in the samples of OSR seeds
were determined under limited exposure to sunlight [54]. The procedures for analyzing the
contents of &-T, 3-T, y-T, and 6-T were described previously by Bogucka and Jankowski
etal. [55].

2.5. Statistical Analysis

The data were analyzed using a three-way analysis of variance (ANOVA) for a split-
split-plot design, with growing seasons as whole plots, N rates as subplots, and S rates as
sub-subplots. Tukey’s test (HSD) was used for multiple post hoc comparisons. The data
were regarded as statistically significant at p < 0.05. All analyses were conducted using
STATISTICA software, version 13 [56]. The results of the F-test for fixed effects in ANOVA
are presented in Table S1.

3. Results
3.1. Stand Architecture

In OSR plants, the stem length was 92-151 cm and the stem-base diameter was
8-10 mm; each plant produced 5-8 productive branches (Table 1). The rate of OSR vege-
tative growth was the highest in the first year of the study (Table 1) when precipitation
levels and temperatures approximated the long-term average (Figure 1). The number of
productive branches was the lowest in the third year of the study (Table 1), which was
characterized by low precipitation during vegetative growth (April and May) (Figure 1).

Table 1. Stand architecture of oilseed radish (main effect).

Parameter Plant Height (cm) Stem-Base Diameter (nm)  Branches per Plant
Year
2020 150.7 & 8.6 2 9.9 4202 82+182
2021 923+7.8¢ 87+15Pb 7.040.7°
2022 102.8 + 6.8 84+16° 534+05¢
Nitrogen rate (kg ha—1!), average for 2020-2022
0 110.1 + 17.5° 87 +21 6.4+ 15"
30 1152 + 17.7 b 9.1+ 1.6 75+212
60 117.1 +17.72 94+13 6.9 +1772b
90 117.1 £ 17.02 8.8 +21 6.8+ 1.42

120 116.8 £16.4 7 8819 66+16°
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Table 1. Cont.

Parameter Plant Height (cm) Stem-Base Diameter (mm) Branches per Plant

Sulfur rate (kg ha™1), average for 2020-2022

0 115.6 £ 159 89+14 7014
15 1142 £17.7 9.0£18 70+£18
30 1153 £ 16.8 9.0£22 6.8 £1.38

Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Values without letters denote
the absence of significant main effects or interactions.

Nitrogen fertilization significantly increased stem length by 5% (30 kg N ha~!) and
the number of productive branches per plant by 16% (60 kg N ha~!), in comparison with
the control treatment (without N fertilization) (Table 1). The stem length was not positively
affected by N fertilizer only in the first year of the study when weather conditions were

typical of north-eastern Poland (Figure 2). Sulfur fertilization had no significant influence
on morphometric parameters (Table S1).

200 .
TSI
16[] ; I I = o = =3 o o
E .17 BEEAL
£ 120 s g b0 = =
- n 9 [= =)} ==
w ® T T & I
3 e
) 80
=
s
= 40
~
0
2020 2021 2022
Year
0 30 60 90 m120 kg N per1ha

Figure 2. The effect of N fertilization on the height of oilseed radish plants in 2020, 2021, and 2022
(interaction). Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test.

3.2. Seed Yield Components

At harvest, the stand density ranged from 47 (2021) to 60 (2020) plants m 2. Qilseed
radish plants produced 22-35 siliques plant~!, and each silique contained around six seeds.
Thousand seed weights ranged from 14.2 to 18.4 g. The stand density and the number of
seeds silique ! were the highest in the first year of the study. In turn, the highest number of
siliques plant~! and the highest TSW were noted in the second and third years, respectively.
A high number of siliques plant~! induced a decrease in TSW (year 2 vs. year 3) (Table 2).

Nitrogen fertilization increased the number of siliques plant’1 (by 40%) (Table 2). An
increase in the number of siliques plant~! was observed up to a N rate of 60 kg ha™! (years
1 and 3) or even 120 kg ha~! (year 2) (Figure 3). Sulfur fertilizer had no significant effect on
the other yield components (plants m~2, siliques plant~!, and TSW) (Table S1).
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Table 2. Yield components and the biomass yield of oilseed radish (main effect).
N B e
Year
2020 59.6+392  222+36P 603+040% 17.3£07° 1.25+£0.17°2 2.04 £0.80° 8.23 +1.48P 13.8£2.72
2021 469 +78¢ 348 +852 5.70 + 0.33 P 142+10°¢ 1.16 + 020 6.15+1.272 12.03 +£1.922 103 £29P
2022 50.2 +4.4P 129 £33°¢ 5.54 4+ 0.34 P 1844+0.6° 059 +£0.13¢ 1.26 + 0.38 P 8.48 + 1.67° 71+20¢
Nitrogen rate (kg ha~1), average for 2020-2022
0 513+79 191 +£83¢ 5.78 +0.40 169 £2.0 0.83 £0.29 ¢ - 9.33 +£1.45°% 9.9 +25P
30 52.3 £8.7 223 4 8.8b¢ 5.75 £ 0.36 16.8 £2.0 0.96 +0.36® 422+0852 9.79 +1.33P 9.6+22P
60 544469  233+£89%  575+043 164 +22 1.04+£029% 3434065 9.69 +1.24"° 119+ 142
90 521+76 250 +9.12 5.82 £0.48 16.6 £1.9 1.08 £0.36% 2.77 + 0.69 2 9.39 + 1.712 103 £2.942b
120 51.0+78 26.7 +£9.82 5.68 = 0.40 165+ 1.6 1.09 £0.332 219 +1.06° 9.69 + 1.51° 102 £2.472b
Sulfur rate (kg ha 1), average for 20202022

0 53.0+75 227+9.1b 5.78 £0.41 16.7 £ 2.0 0.96 +0.31° 419+ 1492 9.50 £+ 1.42 10.7 £ 3.3

15 525+78 23949442 5.75 £ 0.45 16.6 £ 2.0 1.03+035% 3.09 +1.122b 9.59 +1.45 10.2 + 3.1

30 522 £8.1 232 +9542 5.74 £0.39 165+19 1.00 £ 0.35 2P 217 £0.98° 9.64 + 1.46 103 + 3.2

TSW—1000-seed weight; NFUE—nitrogen fertilizer use efficiency. Means with the same letters do not differ

significantly at p < 0.05 in Tukey’s test. Values without letters denote the absence of significant main effects or
interactions.

s in
48 = m =
&y
42 AR
g %I
36 QI
— - o o
= 3 3 R h L 1
E 30 &%:aa
E 24 dt‘:N &
2 Ik £ g%
= I e o O
=2 18 BN o o
5 1 =T
Il
6
0
2020 2021 2022
Year

0 30 60 90 m120kgN per 1ha

Figure 3. The effect of N fertilization on the number of siliques per oilseed radish plant in 2020,

2021, and 2022 (interaction). Means with the same letters do not differ significantly at p < 0.05 in
Tukey’s test.

3.3. Biomass Yield and the Harvest Index

Oilseed radish seed yields ranged from 0.59 to 1.15-1.25 Mg ha~!, and they were the
lowest in the third year of the study when the rainfall distribution during the growing
season was least favorable. The N rate of 90 kg ha~! induced a significant (p < 0.01)
increase in seed yield (by 0.25 Mg ha~'), mainly by increasing the number of siliques
plant~! (Table 2). There was no significant response in seed yield to N fertilization in the
first year of the study (Figure 4a) when the precipitation and temperature approximated
the long-term average (Figure 1). Sulfur increased seed yields (by 0.07 Mg ha™1, i.e., 7%)
up to the rate of 15 kg ha~! (Table 2). Sulfur did not exert a yield-forming effect only in the
third year of the study when OSR seed yields were low (Figure 4b).
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Figure 4. The effect of N (a) and S (b) fertilization on oilseed radish seed yields in 2020, 2021, and
2022 (interaction). Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test.

Nitrogen fertilizer use efficiency ranged from 1.06-2.04 kg (2020 and 2022) to 6.15 kg
of seeds per 1 kg N (2021). On average, during the entire three-year study, NFUE was
the highest after the application of 30 kg N ha~!. Higher N rates decreased NFUE by
19-34% (60-90 kg ha~!) to 48% (120 kg ha~!) (Table 2). The effect of N fertilization on
NFUE was modified by weather conditions (Table S1). In the first year of the study,
when the precipitation approximated the long-term average, NFUE was not significantly
differentiated by the tested N rates. In the second year, NFUE peaked after the application
of 30 kg N ha~! (10.40 kg of seeds per 1 kg N). Higher N rates decreased NFUE by 51%
(60-90 kg ha~!) to 62% (120 kg ha1). In this growing season, the OSR seed yields were
lowest in the control treatment (without N fertilization), which was the main cause for the
high NFUE. In the third year, the N rate of 30 kg ha~! did not improve NFUE relative to the
control treatment (NFUE = —0.25 kg of seeds per 1 kg N), and NFUE peaked in response
to 60 kg N ha~! (2.67 kg of seeds per 1 kg N) (Figure 5). In this growing season, the low
efficiency of N fertilizer applied at 30 kg ha~! could be caused by drought during the
vegetative growth of OSR plants (April and May) (Figure 1). Sulfur fertilization decreased
NFUE by 26% (15 kg ha~!) and 48% (30 kg ha~!) (Table 2), regardless of weather conditions
or the applied N rate (Table S1).
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Figure 5. The effect of N fertilization on nitrogen fertilizer use efficiency in the production of oilseed
radish in 2020, 2021, and 2022 (interaction). Means with the same letters do not differ significantly at
p < 0.05 in Tukey’s test.
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Straw yields ranged from 8.23-8.48 (2020, 2022) to 12.03 Mg ha~! (2021). A significant
increase in straw yields (5%) was observed up to the N rate of 30 kg ha~! (Table 2),
irrespective of weather conditions (Table S1). Sulfur fertilization did not induce significant
differences (p > 0.05) in straw yields (Table S1).

The proportion of seeds in the total biomass of OSR plants ranged from 10% to 12%.
The HI increased up to a N rate of >60 kg ha~! (Table 2), irrespective of weather conditions
(Table S1). The proportion of seeds in total biomass did not change significantly in response
to S fertilization (Table S1).

3.4. Quality of Seeds and Oil

The content of CF and TP in OSR seeds was 383-384 and 244-249 g kg~! DM, re-
spectively. The TP content was lowest in the third year of the study (Table 3) when the
mean daily temperature in the fully ripe stage exceeded the long-term average by 2.9 °C
(Figure 1). Nitrogen fertilization decreased the CF content (by 5%) and increased the TP
content (by 5%) in OSR seeds. On average, during the entire three-year study, N decreased
CF synthesis in OSR seeds up to the rate of 120 kg ha~! (Table 3). However, the negative
influence of N fertilizer on the CF content of seeds was modified by weather conditions
(Table S1). The CF content of seeds decreased up to a N rate of 60 kg ha~! in the first
year, and up to a N rate of 120 kg ha~! in the second and third years of the experiment
(Figure 6a).

Table 3. Nutrient contents of oilseed radish seeds (main effect).

Parameter Crude Fat Total Protein  Crude Fiber Deﬁei;lent Dljte;tgr::lt
(gkg'DM)  (gkg™'DM)  (gkg~! DM) Fiber (%) Fiber (%)
Year

2020 3835+159 249.0+872 97.4+75P 16.8 £0.82 209+152
2021 3833+11.7 2485+772 1026+72°% 169 +09° 204 +0.7P
2022 383.4+105 2442+68° 97.6+£84P  160+09°  1974+06°

Nitrogen rate (kg ha™1), average for 2020-2022
0 39334922 2406+ 674 89.1+78F¢ 16.6 £ 1.0 20240920
30 389.8 £9.42 2445+49° 101.8 +84® 164+ 0.8 208 +1.72
60 381.8 £123° 2477 +80P 10654852 16.6 + 0.9 20.6 £ 0.92b
90 380.0£9.5P 2498 +473 1006+60%°  165+09  203+09
120 3722 4+12.0¢ 2537+85%2 98.0 +7.4P 16.7 £ 0.9 19.9 +£0.8°
Sulfur rate (kg ha™1), average for 2020-2022

0 385.8 £10.6% 246.5 + 8.3 100.7 £+ 8.9 16.5+ 1.0 20.2+0.8

15 386.1 +12.32 246.6 £ 6.8 99.6 £ 8.4 16.7 £ 0.9 205+ 1.5

30 3784+ 141" 248.6 +£9.3 97.3+£9.0 16.6 £ 0.8 204 £0.9

Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Values without letters denote
the absence of significant main effects or interactions.

Nitrogen increased the concentration of TP in OSR seeds up to the rate of 120 kg ha~!
(Table 3), irrespective of weather conditions (Table S1). The CF content of seeds decreased
by 2% when S was applied at 30 kg ha~! (Table 3). Sulfur did not induce significant
differences in the TP content of seeds (Table S1). The CFR content of OSR seeds ranged
from 97 to 103 g kg ! DM, and the proportions of ADF and NDF were 16-17% and 20-21%,
respectively (Table 3). The CFR content was significantly higher (5%) in the seeds harvested
in the second year. The CFR content increased by 20% in response to a N rate of 60 kg
ha~! (Table 3), regardless of weather conditions or the applied S rate (Table S1). Nitrogen
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fertilization also decreased the proportion of NDF (20.2% vs. 19.9%) (Table 3). Neither the
CFR content of seeds nor the proportions of NDF and ADF were significantly influenced
by S fertilization (Table S1).

45

. L1443 3413 [b] g 3} -
4 2% QG HRCR N ¥ ® v B = s
3] o ~ % < . o i 3 v B o
z BERzEg BRzEg Y558 %53 5T
: Bmips Bige :. ° =4 £°7 57
== “I II &
3-230
gD
;"‘&)25
(=]
s S 20
-]
€
g.
S 10
5
0
¥ 2021 2022 2020 2021 2022
ear Year
60 w90 m120kgN per1ha mo 15 30kg Sperlha

Figure 6. The effect of fertilization on the crude fat (a) and y-tocopherol (b) content of oilseed radish
seeds in 2020, 2021, and 2022 (interaction). Means with the same letters do not differ significantly at
p < 0.05in Tukey’s test.

Eicosanoic acid (Cpg.1) was the main FA in OSR oil (42-46%). Oilseed radish oil also
contained oleic acid (C1g.1, 19-22%), linoleic acid (Cyg.2, 12-13%), and linolenic acid (Cyg.3,
11-12%) (Table 4). The highest content of saturated fatty acids-SFAs (palmitic acid, Cy¢, and
stearic acid, Cyg) in oil was noted in the second year of the experiment (Table 4), which was
characterized by high mean daily temperatures in June and July (flowering and beginning
of ripening) and average temperatures in August (fully ripe stage) (Figure 1). The content
of monounsaturated fatty acids (MUFAs) in OSR oil was the highest in the third year of
the study (Table 4) when mean daily temperatures were high in June, July, and August
(Figure 1). In this year, OSR oil was the most abundant in MUFAs due to the increased
synthesis of Cy.; (Table 4). The content of polyunsaturated fatty acids (PUFAs) in OSR oil
was the highest in the first year (Table 4) when mean daily temperatures and precipitation
approximated the long-term average (Figure 1). Weather conditions in the first year of the
experiment promoted the biosynthesis of Cyg; and Cyg3. Nitrogen fertilization increased
the proportion of SFAs and PUFAs in OSR oil. The content of SFAs (Cy4 and Cig) increased
up to a N rate of 90 kg ha~!. In turn, PUFA concentrations (Cig3) increased up toa N
rate of 30 kg ha=! (Table 4). The application of 30 kg N ha~! contributed to a significant
decrease in the content of Cy;.; and an increase in the content of Cyp.1 (total MUFAs did not
change) (Table 4). Sulfur fertilization significantly decreased the proportion of MUFAs and
increased the proportion of PUFAs in OSR oil (Table 4).

Oilseed radish seeds contained 34.1-35.7 (2020, 2022) to 36.6 mg 100 g~! DM Ts (2021),
mostly y-T (84-91%) (Table 5). In all the years of the study, weather conditions induced
significant differences in the content of -, 3-, and 6- homologs of T. Tocopherol levels in
OSR seeds were the highest in the second year. The content of y-T, the dominant T, was
not affected by weather conditions. The content of total Ts increased significantly (by 28%)
in response to a N rate of 90 kg ha~!. Nitrogen increased the concentrations of o-T, 3-T,
and y-T by 32%, 40%, and 27%, respectively. Sulfur fertilization at 30 kg ! increased the
contents of «-T, y-T, and total Ts by 15%, 19%, and 15%, respectively (Table 5). The positive
effect of S on v-T was not observed only in the first year of the study (Figure 6b). The
influence of N fertilization on Ts levels in OSR seeds was not dependent on the supply of S
(N x Sinteraction was not significant) (Table S1).
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Table 4. Fatty acid composition in oilseed radish oil (%) (main effect).

Parameter Ci6 Cis Cis1 Cis:2 Cis:3 Ca0:1 Co1 SFAs MUPFAs PUFAs
Year
2020 503+0232  209+057b 2152+187* 1278+097* 11.82+093% 087 +0.17P  4583+205% 711+091°  6829+120° 2460+1352
2021 50140222 29940582  2202+1.85% 129940592 11.014+1.01° 065+0.12¢  4533+2172 79941242 6801 +1.34° 2400+ 095P
2022 4454020° 201+079 18994+ 142P 1209+052° 11.79+1.032 84140282 4228 +159P  644+1.06° 69.66+1.802 23.88 +1.18P
Nitrogen rate (kg ha™1), average for 2020-2022
0 48140372  210+0.85P 1999 +192P 12644089 11.74+0952P  3204+061° 4551 +2552 691 +1.15P 68.70 £2.09  24.39 +1.082P
30 488+0253%  192+£064° 2096+1973  1270+£0.88  1210+£1262  341+£0.75%  44.03+245°  6.80+£0.862 68.40 £123 24801262
60 48240382 238+£0923¢ 2048+179%  1263+0.65  1146+0965 333+0712  4490+2722P 7204134 6871 +1.25 24'0955 1.08
90 49040352 27940972 21234+ 1.812 12.60 £0.66  11.38 £ 0.64P° 329+ 0642 4374 +221P 76541532 68334+ 1.29 2398+ 1.05b¢
120 473 4£034> 26140842 2156+1732 12524098  11.024+1.10¢ 33240712 443142353 73441162  69.11+2.04 23544 1.24¢
Sulfur rate (kg ha™1), average for 2020-2022
0 4.80 +0.33 2.20 +0.88 20.96 + 1.95 12.56 +0.84 1129 +0.72P 3.32 +0.67 44.86 +2.28 7.01 +1.16 69.13 £1.85%  23.85+1.14P
15 4.83 +0.31 2.46 + 0.90 21.02 + 1.49 12.63+0.66 1154 +£0972>  3.31 +0.69 4426 +2.75 724+1.16  6855+1272P 2417 +123%
30 4.85 4 0.38 2414 0.94 20.55 + 1.04 12,67 £093 1179 +1.342 3.30 £ 0.61 44.38 +2.49 7.29 +1.42 6827 +1.62° 2446 +1.192

Ci¢—palmitic acid; Cjg—stearic acid; C;g.1—oleic acid; Cigp,—linoleic acid; Cyg3—linolenic acid; Cyp.j—eicosanoic acid; Cpp.1—erucic acid; SFAs—saturated fatty acids; MUFAs—
monounsaturated fatty acids; PUFAs—polyunsaturated fatty acids. Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Values without letters denote the

absence of significant main effects or interactions.
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Table 5. Tocopherols content of oilseed radish seeds (mg 100 gfl DM) (main effect).
Parameter «-Tocopherol B-Tocopherol v-Tocopherol 8-Tocopherol X Tocopherols
Year
2020 1.00 £ 0.28 P 3.42+0.83b 31.06 + 5.14 0.25+0.05b 35.72 4 5.74 2P
2021 1.34 4+ 0.352 41240912 30.85 =+ 3.94 0.28 + 0.06 36.59 +4.582
2022 039 £0.12°¢ 2.38 +0.56 ¢ 31.09 £ 7.07 0.20 =+ 0.06 34.06 + 7.12°
Nitrogen rate (kg ha~'), average for 2020-2022

0 0.74 +£0.30P 2.63+0.81°¢ 27.37 £4.38°¢ 0.23 + 0.07 30.98 +4.84 ¢

30 0.86 + 0.40 2P 3.04 + 0.88 bc 29.18 + 5.01 be 0.24 + 0.07 33.31 + 5.14 bc

60 0.98 +0.492 3.42 £1.0520 31.72 +3.732b 0.25 + 0.07 36.36 + 3.79 2b

90 1.05 4 0.612 3.69 + 1.06 34.81 +6.122 0.27 £ 0.06 39.81 + 6.512
120 0.92 + 0.50 2P 3.74 +1.09 2 31.93 + 5.132b 0.24 + 0.06 36.83 + 5.23 2b

Sulfur rate (kg ha™1), average for 2020-2022

0 0.85 +0.45P 3.29 + 1.03 2821 +534°¢ 0.25 + 0.07 32.60 & 6.34 ¢

15 0.90 + 0.48 2b 3.19 +1.01 31.15 + 4.72° 0.25 + 0.06 35.48 4 5.06 ©

30 0.98 + 0.49 @ 3.44 +1.13 33.64 £5.102 0.23 + 0.06 38.29 +5.072

Means with the same letters do not differ significantly at p < 0.05 in Tukey’s test. Values without letters denote
the absence of significant main effects or interactions.

4. Discussion
4.1. Biomass Yield

In European Russia (Eastern Europe), OSR yields ranged from 1.6 to even
2.4 Mg ha=! [11,57], and they were higher (2.56-2.90 Mg ha1) in Central-Eastern Eu-
rope (Poland, Lithuania) [8,9]. In a 20-year study (1978-1998) conducted in western Poland
by Tobota and Musnicki [8], the average OSR seed yield was 1.11 Mg ha~!. In the present
three-year experiment (2020-2022), the average OSR seed yield reached 1.0 Mg ha~! (0.59
to 1.15-1.25 Mg ha—1). According to Tobota and Musnicki [8], OSR, white mustard, and
Indian mustard grown in Poland are characterized by very low variations in seed yields
(52%, 31%, and 41%, respectively). Therefore, OSR belongs to the group of spring Brassica
oilseed crops that are best adapted to the Polish climate.

The present study demonstrated that OSR is not only a valuable source of seeds
(1.0 Mg ha™1!) for the oleochemical and petrochemical industries but also an important
source of straw (8.23-12.03 Mg ha~!) for agricultural use and energy generation. The
straw yield obtained in this study is higher than that reported by Lima et al. [58] and
Pegoraro et al. [59] for the agroecological conditions of Brazil (3.2-5.7 Mg ha~! DM). The
study also revealed that the HI of OSR cultivated in north-eastern Poland is relatively low
(0.07-0.14). In a previous experiment performed in north-eastern Poland, the HI of OSR
was similar to that of Indian mustard (0.13) and spring rapeseed (0.17) (Table 2 vs. [60]).
The proportion of seeds in total biomass is much higher in other spring Brassica oilseed
crops grown in north-eastern Poland. The HI reached 36-48% in spring camelina [34],
35-48% in crambe [44], and 25% in white mustard [60].

Oilseed radish has similar nutrient and soil requirements to spring Brassica crops
(camelina, crambe, rapeseed, white mustard, and Indian mustard), which have higher
demands for N and S than other groups of crops (cereals, legumes, etc.) [61]. Despite the
above, Brassica oilseed crops are characterized by relatively low N and S use efficiencies [40].
In studies of spring Brassica oilseed crops, NFUE (kg of seeds per 1 kg N) was determined
at 6.2-13.3 in camelina [34,62]; 18.8-26.4 in Indian mustard, white mustard, field mustard,
and rapeseed; 6.7-14.9 in Ethiopian mustard (Brassica carinata A. Braun) [32]; and 2.1-5.9 in
crambe [44]. By comparison, the NFUE of common wheat ranges from 33 to 47 kg of kernels
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per 1 kg of N [63,64]. In the present study, the NFUE of OSR ranged from 1.26-2.04 to 6.15 kg
of seeds per 1 kg of N, depending on weather conditions. This parameter was highest
(6.15 kg of seeds per 1 kg of N) in the second year of the experiment when precipitation was
45% above the long-term average. The N fertilizer use efficiency was 3-5 times lower in
years when precipitation levels approximated (year 1) or somewhat exceeded the long-term
average (year 3). Gan et al. [35] and Johnson et al. [32] also found that weather conditions
(precipitation in June and July) and soil parameters (content of mineral N in soil) influenced
the NFUE of Brassica oilseed crops (Indian mustard, rapeseed, and field mustard-type
canolas, and Indian mustard-, white mustard-, and Ethiopian mustard-type mustards).
In the current study, an increase in the N rate from 0 to 120 kg ha~! decreased NFUE by
48% (4.22 vs. 2.19 kg of seeds per 1 kg of N). Higher N rates also decreased NFUE in
the production of camelina [34,62], crambe [44], white and Indian mustards (regardless of
grade), field mustard, spring rapeseed [35], and winter rapeseed [43].

In the present study, OSR was grown on Haplic Luvisols originating from boulder
clay with a S content of 2.4-6.9 mg of SOZ* kg~! (low S content according to Panak [65]).
Seed yields increased (by 5%) up to the S rate of 15 kg ha~!, mainly due to sulfur’s
positive impact on the number of siliques plant~!. According to Zhao et al. [66], Brassica
oilseed crops require 15-20 kg of S per 1 Mg of seeds. In this study, the inclusion of S
in the fertilization regime of OSR decreased NFUE by 19-34% (60-90 kg N ha~1) to 48%
(120 kg N ha~!). The negative effect of S fertilization on NFUE was exacerbated by an
increase in the N rate, which could be attributed to the relatively low NFUE of OSR (in the
first and third years of the study, seed yields increased by only 1.06 and 2.04 kg, respectively,
per 1 kg of N). Combined S and N fertilization also exerted a weak effect on the NFUE (at
30 and 40 kg N ha~ 1) of spring camelina [51] and crambe [44]. In spring Brassica oilseed
crops, S fertilization improves NFUE only if the applied N rate is highly effective. Such
observations were made by Losak et al. [47], Jiang et al. [48], Wysocki et al. [49], and
Jankowski et al. [34] in camelina; by Ahmad et al. [45] in Indian mustard and field mustard;
by Kovdcs et al. [46] in white mustard; by Sokolski et al. [44] in crambe; and by Wielebski
et al. [43] in winter rapeseed.

4.2. Quality of Seeds and Oil

Oilseed radish seeds are widely used in the oleochemical and petrochemical industries
due to their high CF content and FA composition [10,12-16,23,24]. In Poland, OSR seeds
accumulate 284 to 398 g of CF kg~! DM ([8]; present study, Table 3). The CF content
of OSR seeds produced in Lithuania (cv. VB Gausiai) and the central part of European
Russia was 373 and 326 g kg~! DM, respectively [9,11]. The FA composition of OSR oil
is highly variable. The predominant FA is Cpj.1 (18-33%), followed by Cig1 (24-35%),
Cis2 (8-18%), Cop1 (8-11%), and Cyg;3 (5-16%) [11-15]. Some OSR cultivars/genotypes
have a very low content of Cpp.1 (1.1-1.2%) [9,23] or synthesize behenic acid (Cpp,9) instead
of Cpp1 [10]. In the present study, Cyy.1 accounted for 42-46% of the FAs identified in
OSR oil. However, Cp).1 was synthesized at the expense of Cyg.1 (19-22%). Similarly to
high-erucic acid rapeseed (HEAR) (47-50% C»y.1) [67], traditional varieties of white and
Indian mustards (55% and 37% Cpp.1, respectively) [68,69], crambe (57-65% Ca.1) [56],
and Ethiopian mustard (41-50% Cpp.1) [67], OSR cv. Toro is highly suited for industrial
processing due to a very high content of Cp).1. The contents of TP and CFR in OSR seeds
were determined in the range of 268-300 and 120-140 g kg~! DM, respectively [7,9]. In the
current study, the seeds of OSR cv. Toro were characterized by the below-average contents
of TP and CFR (244-249 and 97-103 g kg~ ! DM, respectively).

Climate, environmental conditions, and production technology strongly influence
the plant genotype and induce variations in the quality of OSR seeds and oil (the con-
tents of CF, TP, and CFR and the FA profile). In most Brassica oilseed crops, genetically
encoded seed quality traits can be modified by agronomic treatments (mostly N and S
fertilization) [34,44,61,70]. Nitrogen fertilization generally decreases CF levels and in-
creases TP concentration in seeds. The above relationship was observed in rapeseed [31,71],
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camelina [34,47,48], Indian mustard [72], white mustard [46], crambe [44], and OSR [this
study, Table 3]. In the current experiment, N fertilizer increased the levels of SFAs (Cyg
and Cyg) and PUFAs (Cyg3) up to the rate of 90 and 30 kg ha~1, respectively. Nitrogen
fertilization did not lead to differences in the total content of MUFAs. In camelina oil, N
fertilization decreased the proportion of MUFAs [48,73] and increased the proportion of
PUFAs [48]. Nitrogen fertilization did not affect the proportions of SFAs, MUFAs, or PUFAs
in Abyssinian oil [44].

In comparison with N, S fertilization exerts a more ambiguous effect on the concentra-
tions of CF and TP in the seeds of Brassica oilseed crops. In the work of Jankowski et al. [74],
Siaudinis [75], Logak et al. [47], Jiang et al. [48], and Siaudinis and Butkute [76], S fertil-
ization had no effect on the CF content of seeds in oilseed crops of the family Brassicaceae
(rapeseed, white mustard, Indian mustard, and camelina). In turn, Fismes et al. [38] and
Egesel et al. [77] reported that S fertilization decreased the CF content of oilseed rape seeds
by 4%. Sulfur fertilization also decreased the content of CF in OSR seeds in this study. The
interaction between S fertilization and the CF content of OSR seeds was not influenced by
the N rate or weather conditions. In some studies, S increased the CF content of seeds in
Brassica oilseed crops, including rapeseed [38,78-80], white and Indian mustards [72,81-83],
and crambe [44]. In the present study, S fertilization significantly decreased the proportion
of MUFAs and increased the concentrations of PUFAs (beneficial influence on the biosyn-
thesis of Cyg.3). Sulfur also increased the content of PUFAs in camelina oil [48,73]. In turn,
S fertilization had no influence on the proportions of SFAs, PUFAs, or MUFAs in camelina
and crambe o0il [34,44]. In Brassica oilseed crops, S fertilization is more likely to affect the
amino acid composition of protein (the contents of cysteine, tryptophan, and methionine)
than its total content. In most studies of oilseed crops of the family Brassicaceae, S fertil-
ization had no effect on the TP content of seeds ([61,75,76,80,82,83]; this study, Table 3), or
induced only a minor increase in this parameter [44,74,78,79,81,83]. In the current study,
the CFR content of OSR seeds was strongly correlated with the N rate. The CFR content
increased by 20% in response to a N rate of 60 kg ha~!. Nitrogen fertilization (90 kg ha™!)
also increased the CFR content of crambe seeds (by 14%) [44].

Tocopherols are naturally occurring antioxidants that contribute to the oxidative
stability of vegetable oils [84,85]. Oilseed crops of the family Brassicaceae are a rich source
of Ts [17,84-86]. Oilseed rape seeds contain 9.0-46.0 mg 100 g~! of Ts [17,87], with a
predominance of y-T (57-78%) and o-T (22-43%) [17,87]. Oilseed radish seeds are equally
abundant in y-T (11-12 mg 100 g~ '), but they contain far less §-T (~1.0-1.4 mg 100 g~ 1)
and are practically devoid of «-T [17]. Cereal grain [85,88-90], olive (Olea europaea L.), and
sunflower (Helianthus annuus L.) seeds are rich sources of «-T [85,91,92]. In turn, &-T is
the dominant isomer in pumpkin (Cucurbita maxima Duchesne) seed oil [93] and seed oil
from plants of the family Boraginaceae in the genus Borago, such as the starflower (Borago
officinalis L.) [85,86]. In the present study, the total content of Ts in the seeds of OSR cv.
Toro was 34.1-36.6 mg 100 g1, including 30.9-31.1 mg of v-T 100 g ! (84-91%), 0.4-1.4 mg
of a-T 100 g~ ! (1-4%), 2.4-4.1 mg of B-T 100 g~ ! (7-11%), and 0.2-0.3 mg of 5-T 100 g~ !
(<1%). In general, a predominance of y-T in OSR seeds is desirable because this isomer is a
more powerful antioxidant than «-T in emulsions [91].

Nitrogen fertilization influences the content of Ts, and N deficiency decreases their
biosynthesis and accumulation in seeds [94,95]. In a study by Egesel et al. [94], a N rate
of 130 kg ha~! significantly increased the content of total rapeseed Ts (by 1.54 mg 100 g~ !
seeds), mainly by increasing the concentration of y-T (by 1.51 mg 100 g~ !) relative to the
unfertilized control treatment. Nitrogen rates higher than 130 kg ha~! induced a minor
decrease in the content of total Ts, mainly by decreasing the concentration of «-T. In turn,
in the work of Hussain et al. [95], a significant increase in the content of y-T and total Ts in
oilseed rape was observed only at a N rate of 270 kg ha~!. In the current study, the total
content of Ts in OSR seeds increased significantly (by 28%) up to a N rate of 90 kg ha~!,
mainly due to an increase in the concentrations of x-T, 3-T, and y-T (by 32%, 40%, and 27%,
respectively). The highest N rate (120 kg ha~1) did not increase the content of Ts (B-T) or
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even induced a minor decrease in their concentrations (o-T and y-T). In the work of Egesel
et al. [94] and Hussain et al. [95], and in the present study [Tables 2 and 5], the content
of Ts in seeds of Brassica oilseed crops (rapeseed, OSR) peaked in response to the most
productive N rates (which contributed to the highest seed yields). According to Hussain
et al. [95], the relationship between N rates and the concentrations of Ts in seeds may be
due to the fact that N rates affect the agronomic traits of plants, i.e., height, number of
branches, number of siliques plant !, and number of seeds silique !. The numerical values
of these traits are usually highest when N is applied at the optimal rates.

Sulfur belongs to the group of macronutrients that exert the strongest effect on the
biosynthesis of biologically active compounds in plants of the family Brassicaceae. In
a study by Filipek-Mazur et al. [96], the content of total Ts in spring OSR peaked in
response to the S rate of 25 kg ha~! (elemental S) or 50 kg ha~! (ammonium sulfate and a
mixture of ammonium nitrate and ammonium sulfate), which indicates that S enhances the
biosynthesis of a-T and y-T. In the cited study, S fertilization significantly increased the
content of a-T by 58-61% (25 kg ha~!—elemental S, or 50 kg ha~!—ammonium sulfate)
to 81-82% (50 kg ha~!—elemental S or a mixture of ammonium nitrate and ammonium
sulfate) relative to the control treatment. Sulfur fertilization increased the content of y-
T in rapeseed by 20-42%. The concentration of y-T peaked in response to the S rate
of 25 kg ha~! (elemental S) or 50 kg ha~! (sulfate sulfur) [96]. In the present study, S
fertilization applied at 30 kg ha~! also increased the contents of o-T, y-T, and total Ts by
15%, 19%, and 15%, respectively.

5. Conclusions

In north-eastern Poland, the average OSR seed yield is 1.00 Mg ha~!. The optimal
rates of N and S fertilizers in OSR production are 90 and 15 kg ha~!, respectively. The
NFUE of OSR ranges from 1.06-2.04 to 6.15 kg of seeds per 1 kg of N. NFUE peaked
in response to the N rate of 30 kg ha~!, whereas higher N rates decreased NFUE by
19-34% (6090 kg ha~!) or even 48% (120 kg ha=1!). The incorporation of S into the N
fertilization system of OSR did not increase NFUE. Oilseed radish is characterized by very
high straw yields (8.23-12.03 Mg ha~!) and, consequently, a relatively low HI (10-12%).
The proportion of seeds in total biomass yield increased in response to a N rate of >60 kg
ha~!. The seeds of OSR cv. Toro contained 383-384 g CF kg ! DM, 244-249 g TP kg !
DM, and 97-103 g CFR kg~! DM. Nitrogen fertilization decreased the CF content by 5%
(120 kg N ha—') and increased the content of TP by 5% (120 kg N ha—') and CFR by 20%
(60 kg N ha—1) in OSR seeds. The CF content of seeds decreased (by 2%) in response
to the S rate of 30 kg ha~!. Erucic acid was the predominant FA in OSR oil (42-46%).
Nitrogen fertilization increased the contents of C14 (90 kg N ha=1), Ci5 (90 kg N ha™1),
Cis1 (90-120 kg N ha=1), Cyg3 (30 kg N ha~1), and Cyo,q (30 kg N ha~1) and decreased
the concentration of Cp;,1 (30 kg N ha~1). Sulfur fertilization significantly decreased the
proportion of MUFAs and increased the proportion of PUFAs in OSR oil. Oilseed radish is a
rich source of Ts (34.1-36.6 mg 100 g~! DM seeds), in particular y-T (30.8-31.1 mg 100 g~ !
DM seeds). Nitrogen fertilization increased the content of total Ts by 28% (90 kg N ha1),
including «-T, B-T, and y-T (by 32%, 40%, and 27%, respectively). Sulfur fertilization
at 30 kg ha! increased the content of total Ts by 15%, including T and v-T (by 15%
and 19%, respectively). Under the agroecological conditions of north-eastern Poland, the
optimal N rate in OSR cultivation was 90 kg ha~!. This rate was most productive and
enabled the production of raw material characterized by high processing suitability (high
TP content and high CF content of seeds, with a higher concentration of C;g,1 and a lower
concentration of Cyp.1, a high content of total Ts and its homologs «, 3, and y). Combined
S and N fertilization did not exert a synergistic effect in OSR cultivation (no interaction
between the effects of S and N on the agronomic traits of plants or the processing suitability
of seeds). The yield-forming effect of S was observed up to the rate of 15 kg ha~!. However,
the higher rate of this macronutrient (30 kg S ha~!) had a beneficial influence on the
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processing suitability of seeds (an increase in the concentrations of PUFAs and Ts) without
compromising yields.
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