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ABSTRACT

The study was based on a three-year field experiment conducted on degraded black soil, classi-
fied as class IIIb soil in the Polish soil valuation system, with neutral pH, high content of phos-
phorus and potassium, average content of magnesium, and low content of sulphur. The two-fac-
tor experiment was carried out in northern Poland (52°73" N; 18°88' E), in a split-block design
with four replications. The preceding crop each year was sugar beet. The aim of the study was
to evaluate the effect of varied levels of nitrogen (first factor — 0, 60, 120 and 180 kg ha')
and sulphur (second factor — 0, 20 and 60 kg ha') applied to the soil and onto the leaves on the
content and ratio of these elements in the seeds of the Star cultivar of spring rapeseed. Little
variation was noted between growing seasons in the content of nitrogen and sulphur and
in their proportions in the seeds. Application of nitrogen alone (without sulphur) and combined
application of nitrogen with sulphur caused an increase in the nitrogen content in the seeds
and in the N:S ratio. The sulphur content in the seeds of the plants fertilized with nitrogen and
sulphur together was significantly higher than in the seeds of the plants fertilized with nitrogen
alone and lower than in the plants fertilized with sulphur alone. The highest N:S ratios were
obtained in the seeds of plants fertilized with nitrogen alone, and the lowest — following
the application of sulphur alone. Application of nitrogen or nitrogen and sulphur caused
an increase in the N:S ratio towards optimal values for fodder crops. The method of sulphur
application did not significantly affect its content in the rapeseeds or the N:S ratio.

Keywords: Brassica napus L., content of nitrogen and sulphur in seeds, methods of sulphur
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INTRODUCTION

Since the early 21 century, Poland has seen an increasing interest
in the cultivation of rapeseed, largely owing to the use of its seeds not only
for traditional purposes but also for production of biofuels (Tys et al. 2006).
Mainly winter cultivars of rapeseed are grown in Poland. Spring cultivars
of this species have less economic importance, as they produce lower yields
(a difference of 35-40%) (MRrOWCZYNSKI, PrRUszyNsKI 2008). Spring rapeseed,
however, has numerous advantages. For example, it leaves a very good stand
for cereal crops, has lower nutritional requirements and is less susceptible
to disease than winter rapeseed, which generates lower costs (Rupko 2011).
Interest in spring rapeseed usually increases following harsh winters, which
cause frost damage to plants of winter varieties. In these conditions, spring
rapeseed is sown in winter rapeseed plantations on which the herbicides
used preclude cultivation of spring cereals (MRrROWCZYNSKI, PRUSZYNSKI 2008).
Moreover, the seeds of spring rapeseed cultivars are of good quality. Their
fat content is similar to that of winter rapeseeds but they contain more total
protein and less fibre and glucosinolates (Rupko 2011).

Spring rapeseed belongs the Brassicaceae, which have high nutritional
requirements for sulphur. Until recently this nutrient was not considered
in the agrotechnical procedures for rapeseed because its content in the soil
was sufficient, often even exceeding the nutritional requirements of the
plants. As a result of the reduction in emissions of SO, compounds from
anthropogenic sources, which began in Poland with the political and econom-
ic transformation in the 1990s, the content of available sulphur in the soils
has been continually decreasing (Barczak 2010, GaJ, KrLikocka 2011, PRzZYGOCKA-
-CyNa, GrzeBISzZ 2017). According to the newest monitoring data (SIEBIELEC
et al. 2017), as many as 94% of soil samples (203 profiles) from various
regions of Poland were classified as having low content of sulphate sulphur
(VI) available to plants. Progressive sulphur deficiency affects other countries
as well (ScHERER 2001, STERN 2005, JAMAL et al. 2010).

Proper nitrogen metabolism in the plant is not possible without an ade-
quate supply of sulphur, which performs specific physiological functions.
Numerous studies confirm that utilization of nitrogen from fertilizers and its
efficiency are greater provided an optimal supply of sulphur to the plants
(Barczak 2010, JamAL et al. 2010, PopLESNA 2013, SKWIERAWSKA et al. 2016).

Considering the increased interest in rapeseed cultivation observed
in Poland in recent years, as well as the growing deficiency of sulphur
in Polish soils, a study was undertaken to evaluate the effect of varying lev-
els of nitrogen and sulphur applied to the soil and onto the leaves on the
content and proportions of these nutrients in the seeds of spring rape.
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MATERIALS AND METHODS

Characteristics of the field experiment

A three-year (2010-2012) field study was conducted in the village of
Kazmierzewo (northern Poland, 52°73’ N; 18°88 E) on degraded black soil
classified as defective wheat complex, class IIIb (IUSS Working Group WRB
2015). The pH, of the soil was 6.5-7.1 (neutral reaction). The content
of available forms of phosphorus ranged from 175 to 198 mg PO, kg (high),
potassium — from 125 to 195 mg K O kg' (high), magnesium from 35 to 38
mg Mg kg' (average), and sulphur from 1.90 to 1.96 mg S-SO,* kg' (low).
The soil had a regulated water regime. The Star cultivar (DLF Trifolium,
Denmark) of spring rapeseed (Brassica napus L)., an open-pollinated variety,
was used in the study. The preceding crop in each year was sugar beet.

Two experiments were carried out side by side in one field, with different
doses and methods of sulphur application. The control treatment with no
sulphur or nitrogen application was located between them. Both experiments
were set up in a split block design with four replications. The area of the
plots for harvest was 18 m?. The experimental factors (n=2) were the nitro-
gen application dose (kg N ha?): 0 (control), 60, 120 and 180) — factor A,
and sulphur application dose (kg S ha'): 0 (control), 20 and 60) — factor B.
In both experiments, nitrogen was applied in the same form and at identical
amounts, but in the first experiment sulphur was applied to the soil before
sowing and in the second one it was applied as top dressing (foliar appli-
cation). In both experiments, nitrogen was applied in split applications
of 60 kg N ha'l. In all treatments with nitrogen, the first portion was applied
before sowing in the form of ammonium nitrate containing 34% N (17.0%
N-NH," and 17.0% N-NO,) with an addition of 2% CaO, 4% MgO and 0.2%
boron. In each type of fertilization, 30 kg N ha' was applied. In the treat-
ments with 120 kg N ha'!, nitrogen was also applied 3-4 weeks before flowe-
ring (second application — BBCH 50-52), and in the treatments with
180 kg N ha'l, before flowering (second application — BBCH 50-52) and
at the start of flowering (third application — BBCH 61-63). The second
and third portions were applied exclusively in the form of ammonium nitrate.
In the treatments where sulphur was applied to soil before sowing, both
doses of sulphur were applied at the same time, i.e. following the levelling
of the field. In the experiment with the foliar application of sulphur,
the application was split: in all fertilized treatments 20 kg S ha' was applied
once at emergence (BBCH 13-16), and in the treatments with 60 kg S ha,
20 kg S ha! was additionally applied after stem formation (BBCH 35-38)
and 20 kg S ha'! at the start of flowering (BBCH 61-63). Apart from these
differences in sulphur application times, the agrotechnical procedures were
identical in the two experiments. Sulphur was applied in the form of anhy-
drous sodium sulphate (22.5% S). Due to the high soil richness in macronu-
trients, low doses of phosphorus and potassium were used. Prior to winter
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ploughing, a compound fertilizer was applied, with 60 kg K,O ha', 30 kg
P,0, ha' and 48 kg MgO ha™. In each growing season, chemical plant protec-
tion was carried out according to recommendations by the Institute of Plant
Protection (https://www.ior.poznan.pl).

Weather conditions

The Selyaninov hydrothermal coefficient was calculated for each month
during the spring rape growing period, using this formula:
K=P/012T,

where: P — sum of monthly precipitation in mm, T — sum of monthly air tem-
perature >0°C

The most favourable weather conditions for the growth and development
of spring rapeseed were noted in the first year of the experiment (Table 1).
After sowing, rapeseed growth benefited from regular showers in both April
and May, favourable rainfall distribution in June, and high levels of rainfall
in July. The precipitation total was high in May of the second year, but its

Table 1
Temperature and precipitation distribution throughout the field experiment
Month Stud ' Temperature Precipitation (mm) Selyaninov
0 udy yea ©C) ecipitatio coefficient
I 5.7 28.7 1.68
) 11 10.0 29.5 0.98
April
111 9.8 83.5 2.84
long term 7.2 32.0 1.48
I 12.9 80.1 2.00
11 15.2 57.8 1.23
May
11T 14.0 45.6 1.05
long term 13.0 49.0 1.22
I 17.4 85.9 1.65
11 18.9 83.0 1.46
June
IIT 17.7 53.6 1.01
long term 16.1 68.0 1.41
I 18.7 110.7 1.91
11 17.9 100.6 1.81
July
IIT 21.5 36.8 0.55
long term 18.0 71.0 1.27
I 19.9 15.1 0.24
11 15.5 65.8 1.37
August
111 17.4 53.8 1.00
long term 17.4 51.9 0.96
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distribution was unfavourable; rain at the start of the month was followed
by a nearly four-week dry period, during the rosette-formation stage. In con-
trast, heavy rainfall in late July and early August resulted in lodging, partic-
ularly on the plots with the highest nitrogen application doses. In the third
year of the experiment, rainfall was low in three successive months. Total
precipitation from May to July was only 136.0 mm (65% of the long-term
average for those months), resulting in significantly lower Selyaninov coeffi-
cients for that growing season.

Chemical research

The content of potassium and phosphorus available for plants was deter-
mined in soil samples by the Egner-Riehm method, while the magnesium
content was assessed by the Schachtschabel method. S-SO,* was determined
by ICP-OES using an Optima 7300 DV spectrometer. Soil pH was deter-
mined in the soil suspension in 1 M KCI solution by the potentiometric
method.

After harvest, the content of the following elements was determined
in the rape seeds from all treatments:

— total nitrogen (N ) by the Kjeldahl method using a Kjeltec 2200 Foss,

— total sulphur by ICP OES (Inductively Coupled Plasma Optical Emis-
sion) Spectrometry following mineralization of the samples in a mix-
ture of concentrated acids, 1.e. nitric (V) and chloric (VII) acids in a 4:1
ratio.

The results were used to calculate the N:S ratio.

Analysis of variance was performed on the results of the chemical assays
using Statistica 8.0 software (StatSoft, USA). Significance of differences be-
tween means for each fertilizer treatment were determined by the Tukey’s
range test (p<0.05).

RESULTS AND DISCUSSION

The mean nitrogen content in the seeds of spring rapeseed grown under
conditions of varied application of nitrogen and sulphur showed relatively
little variation between years of the study, ranging from 34.4 to 35.0 g kg'!
(Table 2). The mean content was 34.8 g kg for both sulphur application
treatments (soil and foliar). The experimental factors caused an overall
significant increase in the content of nitrogen in the rape seeds (Figure 1).
The nitrogen application doses (kg ha'): 60, 120 and 180 in the absence
of sulphur application caused an increase in nitrogen with respect to the
control, on average by 1.6%, 2.5% and 6.3%, respectively. The seeds of plants
fertilized with 60 kg S ha!applied to the soil without nitrogen accumulated
significantly more nitrogen than the seeds of unfertilized plants (on average
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Fig. 1. Relationship between the nitrogen content in seeds of spring rapeseed and fertilization
with nitrogen and sulphur - means for three years

by 10.9%). In the treatment with foliar application of sulphur, only the dose
of 20 kg S ha' significantly increased the nitrogen content (on average
by 2.8%). The highest content of this element in the rapeseeds, on average
for the three years of the study, was obtained following the combined appli-
cation of 180 kg N ha' and 20 kg S ha! (soil application) or 180 kg N ha'!
and 60 kg S ha! (foliar application). The beneficial effect of sulphur fertiliza-
tion on the nitrogen content is illustrated by regression curves (Figure 1),
the lowest line corresponds to the control, and the highest lines to the soil
and foliar application of 60 kg S ha'l. The effect of fertilization with nitrogen
and sulphur on the accumulation of nitrogen in plants of the Brassicaceae
family, in both the vegetative parts and the seeds, has been confirmed
by ToMmar, SINGH (2007) and Jan et al. (2010). The beneficial effect of sulphur
on the nitrogen content results from the fact that it is a component
of numerous important nitrogen compounds, i.e. protein amino acids (methi-
onine, cystine and cysteine), which play a key role in the formation
of the secondary and tertiary structure of proteins. The primary product
of the incorporation of sulphur into organic compounds in the plant is cys-
teine, which 1s the precursor of other sulphur amino acids (GaJ, KLIKOCKA
2011, WiELEBSKI 2015), and also takes part in the formation of the active cen-
tre of numerous enzymes (DE Kok et al. 2003).

Over 90% of the total sulphur accumulated in plants is estimated to be
in the form of sulphur amino acids (GaJ, KrLikocka 2011). Sulphur exerts
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a strong effect on nitrogen metabolism (DE Kok et al. 2003, JamMaL et al.
2010), in particular by increasing the rate at which nitrogen taken up by the
plant is transformed into protein (Rict 2007). Sulphur-containing ferredoxin
has an important role in this process. The mean sulphur content in the
spring rapeseeds, depending on the year and the means of sulphur applica-
tion, ranged from 10.4 to 10.6 g kg! (Table 3). Accumulation of this element
in the seeds of Brassicaceae is much greater than in the seeds of other spe-
cies. For example, spring barley grain contains 1.05-1.13 g kg! of sulphur
and narrow-leafed lupine contains 2.26-3.44 g kg! (Barczak 2010).
The sulphur content in triticale grain is 1.40-1.76 g kg, in potato
tubers 1.21-1.37 g kg! (KLIKOCKA, SACHAJKO 2011), and in maize grain
0.76-0.86 g kg! (FiLiPEK-MAZUR et al. 2013). The significantly highest content
of this element in rapeseeds results not only from its high protein content,
but also from the presence of sulphur-rich glucosinolates, which are secon-
dary metabolites. The sulphur content in crops, besides genetic factors,
is determined by the content of its available forms in the soil, by moisture
and temperature conditions, and by the plantation’s proximity to industrial
and urban centres (GaJ, KLikocka 2011).

The most important nutrient influencing sulphur function in the plant
1s nitrogen (JAMAL et al. 2010, Siaupinis 2010, Przycocka-CyNa, GrRzEBISz 2017,
VARENYIOVA et al. 2017). Fertilization with nitrogen alone had no significant
effect on the sulphur content in rapeseeds in any year of the study. However,
a slight reduction in the sulphur content was observed in both sulphur appli-
cation treatments. While the amount of nitrogen applied increased — in both
the plants fertilized with nitrogen alone and in combination with sulphur
(Figure 2) — differences with respect to the control were not confirmed statis-
tically.

Both soil and foliar application of sulphur without nitrogen significantly
affected the sulphur content in the rapeseeds. In each year of the study, even
the dose of 20 kg S ha! caused a significant increase with respect to the con-
trol: for each application variant, the difference was 13.4% on average.
It was only in the third year of the study that a significant difference was
noted between the effect caused by 20 and 60 kg S ha'l; it was 4.4-4.5%
on average for both methods of sulphur application. The content of this ele-
ment in the seeds of rape plants fertilized with both nitrogen and sulphur
was higher overall than in the seeds of plants fertilized with nitrogen alone,
and lower than in the seeds of plants fertilized with sulphur alone. In con-
trast to the study by PopLESNA (2013) on winter rapeseed, no marked effect
of the methods of sulphur application was noted on its content in the seeds
of spring rape in any year of the study.

The difference in the content of sulphur in the seeds from the treatments
with both N and S versus its content in the seeds of plants grown without
sulphur and nitrogen reached 12.4% in the case of soil application and 17.5%
in the case of foliar application. The data obtained in this study confirm
the results of another investigation, where the sulphur content in crops was
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Fig. 2. Relationship between the sulphur content in seeds of spring rapeseed and fertilization
with nitrogen and sulphur - means for three years

determined to be a consequence of its availability in the environment
(KLikocka, SAacHAJKO 2011, PopLeSNA 2013). The rate of absorption of sulphur
from the soil solution and its physiological efficiency are affected not only
by the content of sulphates (VI) in the environment but also by the efficiency
of their assimilation and transport from the root system to the stem, mainly
through the xylem (Rict 2007).

Numerous studies (MatHOT et al. 2009, JaN et al. 2010, Siaubpinis 2010,
FiLipEk-MAzUR et al. 2013, Barczak et al. 2016) indicate a strong interaction
of sulphur and nitrogen as fertilizer components essential for the synthesis
of amino acids, which in turn are components of proteins. A measure
of the interaction between these nutrients is the N:S ratio, which is consi-
dered an important indicator of sulphur supply to plants (ZHAo et al. 1997.
Rice 2007, MarHor et al. 2009). In the seeds of the spring rape grown
in this experiment, this average ratio averaged 3.3:1 (Table 4), and was
much lower than in potato tubers (10.4-12.4:1) — KLIKOCKA, SACHAJKO (2011),
peas (15:1) — GaINEs, PHATAK (1982) and grassland biomass (9.2-12.6:1) —
GryGiErzeC et al. (2015). Cereal grains generally have a higher N:S ratio
than rapeseeds (BArRczak 2010, JamaL et al. 2010, KLikocka, SAcHAJKO 2011,
FiLipEk-MAzUR et al. 2013). The low value of this ratio in the seeds of spring
rape is due to their high content of sulphur, which is a conse-
quence of the significantly higher uptake of this nutrient by plants of the
Brassicaceae family than by oilseed plants, potatoes, grasses and cereals.
Przycocka-Cyna and GrzeBisz (2017) emphasizes that the lower the value
of this ratio, the more efficiently the plant metabolizes nitrogen, which
in crop production is reflected by higher yield.
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The N:S ratio in the rapeseeds was highly stable in the years of the
study, with values ranging from 3.28 to 3.32:1. The fertilizers significantly
affected the N:S value. Application of nitrogen alone caused an increase
of this ratio in the seeds, on average from 3.30:1 (control) to 3.58:1 (180 kg N
ha''). Application of sulphur without nitrogen decreased the value of the ratio
to 3.06:1 in the case of soil application and to 2.82:1 in the case of foliar
application. The highest N:S value (3.65:1) was obtained for the combination
of 180 kg N ha'! and 20 kg S ha'in the treatment with soil application
of sulphur.

Application of nitrogen alone or with sulphur (180 kg N ha' + 20 kg S ha'!
and 180 kg N ha' + 60 kg S ha') caused changes in the N:S ratio towards
values considered optimal for rapeseeds, which is 4-5:1 according to PRzyGOoCKA-
-CyNA and GrzEeBISz (2017) and 5:1 according to ZHAO et al. (1997). This may
be significant in assessment of the fodder value of rapeseed, which can
be processed to extraction meal, a valuable component of concentrate feed
for growing cattle.

In conclusion, little variation was noted between growing seasons
in the content of nitrogen and sulphur in the seeds of spring rape. In treat-
ments with the application of nitrogen alone (without sulphur), an increase
in the application dose (kg N ha'): 60, 120 and 180) was generally accompa-
nied by a significant increase in the content of this element in seeds in each
growing season, while the sulphur content was stable. The highest nitrogen
content in the seeds of plants fertilized with sulphur alone (without nitrogen)
was obtained using 60 kg S ha'in the case of soil application and 20 kg S ha’!
in the case of foliar application. In every year of the study, the highest nitro-
gen content in the seeds from plants submitted to the foliar application of
sulphur was obtained in response to the highest levels of the nutrients (180
kg ha! N and 60 kg S ha'), whereas in the case of soil application the opti-
mum combination was 180 kg ha! N and 20 kg S ha'. The sulphur content
in the seeds of plants fertilized with both nitrogen and sulphur was general-
ly significantly higher than in the seeds of plants fertilized with nitrogen
alone, and lower than in the seeds of plants fertilized with sulphur alone.
The highest N:S ratios were obtained in the seeds of plants fertilized with
nitrogen alone, and the lowest - following the application of sulphur
alone. Application of nitrogen and nitrogen together with sulphur caused
an increase of the ratio towards the optimal values for fodder crops.
The methods of sulphur application did not significantly affect its content
in the rapeseeds or the N:S ratio.

CONCLUSIONS

Application of nitrogen (kg N ha’: 0, 60, 120 and 180) and sulphur
(kg S ha': 0, 20 and 60) fertilization in a three-year field experiment carried
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out on degraded black soil with low sulphur content generally resulted
in slight differences in the content of nitrogen and sulphur and in their pro-
portions (N: S) in spring rapeseed. Fertilization with single fertilizing compo-
nents, as well as their combined use, resulted in an increase in the content
of a given ingredient in seeds. The consequence of nitrogen application,
as well as the combined use of nitrogen and sulphur, was the broadening
of the N:S ratio towards optimal values for crops grown for fodder use.
The method of using sulphur (soil and foliar fertiliser) did not significantly
affect the content of this element in spring rapeseed seeds or the N: S ratio
value.
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