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Abstract: In the European Union, out of concern for the quality of the natural environment, agricul-
ture aims to limit the doses of mineral nitrogen to mitigate nitrogen leaching into the groundwater
and N,O emissions into the atmosphere. This requires a search for new crop management for
more environmentally friendly production. The aim of the study was to evaluate crop management
technologies that would allow farmers to obtain high yields without high doses of nitrogen fertilizers.
The study was conducted in Poland in 2016-2017 and 2018-2019 to test the effects of growth activators
without an additional product and with a product containing plant growth-promoting rhizobacteria
in the production of winter oilseed rape, reducing the nitrogen dose by 30%. The results obtained
in the study show a positive effect of the studied treatments on seed yield, which was higher by
9.8 and 7.7%, and fat yield, higher by 11.4 and 9.2%, respectively, compared to those for the control
treatment in which the full nitrogen dose was applied. Taking into account the scale of oilseed
rape production in Poland, this means savings of 52.8 thousand tonnes of mineral nitrogen per year.
Therefore, introducing the researched solutions into agricultural practice would lead to measurable
benefits for the natural environment.

Keywords: growth activator; nitrogen fertilization; plant growth-promoting rhizobacteria (PGPR);
winter oilseed rape

1. Introduction

Oilseed rape is the main oilseed plant in the northern part of Europe, with a dominant
winter form. The winter form has a higher yield potential than the spring form due to its
longer growing season and lower sensitivity to spring droughts. Unfortunately, sometimes
the winter form is damaged by frost. In 2019, oilseed rape occupied 5.65 million ha in the
EU (28 countries), of which 0.88 million ha were in Poland, making it the third highest crop
production in the EU after France and Germany [1].

The most important nutrient in the crop management of oilseed rape is nitrogen, which
is necessary for the proper growth and development of plants. Oilseed rape consumes
50 kg of nitrogen for the production of 1 tonne of seed with the appropriate secondary
crop, and the maximum amount of nitrogen available in the cultivation of this plant in
accordance with the national and EU law in Poland is 240 kg N ha~! [2].

One of the main problems in EU agriculture is groundwater and air pollution caused
by abundant mineral nitrogen fertilization. It is necessary to limit the doses of nitrogen
fertilizers in rapeseed crop management in the near future to avoid nitrate leaching and
N,O emissions from agricultural land [3-5].

Plant growth-promoting rhizobacteria (PGPR) can be successfully used to improve
plant growth [6—14]. The beneficial effects of using preparations containing PGPR in the
cultivation of oilseed rape (canola) were noted in many experiments [15-23]. Canola
plants to which PGPR was applied were less susceptible to Brevicoryne brassicae L. [24].
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Experimental results have proved the possibility of limiting nitrogen fertilization with
oilseed rape by using PGPR [25,26]. PGPR allow increased production in a sustainable way
and are the best alternative to mineral fertilizers [27-29].

An innovative and environmentally safe method of increasing yield is the use of Pen-
ergetic growth activators, which have been shown to cause increased yield of maize [30],
cereals [31,32], sugar beet [33,34], potato [35], soybean [36], legumes [31,37-39] and cof-
fee [40]. Results of studies on the use of Penergetic growth activators in the cultivation of
oilseed rape are not available.

The aim of the experiment was to check whether it is possible to increase the seed yield
and fat content in seeds of winter oilseed rape using a dose of mineral nitrogen reduced by
30% and replacing it with growth stimulants (growth activators) alone or together with a
preparation containing PGPR (such as Azotobacter chroococcum, Azospirillum brasilense, and
Bacillus megaterium).

2. Materials and Methods
2.1. Study Area

In the 2016-2017 and 2018-2019 seasons, field trials consisting of 10 individual experi-
ments with winter rapeseed were performed: 3 in 2016-2017 (Sahryn, 50°41’ N 23°47" E,
Pagow, 51°09' N 17°39" E and Nowiny, 54°16' N 18°27' E); 2 in 2017-2018 (Sahryn and
Pagéw); and 5 in 2018-2019 (Sahryn and Pagéw (2), and Nowiny and Pityny, 54°01' N
20°06’ E) (Figure 1). The soil of the experimental fields consisted of Calcic Chernozem (silty
clay loam: 34% clay, 14% sand, 52% silt) in Sahryn; Albic Podzols (soil texture class sandy
loam with soil fraction content of 10% clay, 55% sand, 35% silt) in Pagow; Endocalcaric
Cambisol (soil texture class sandy loam with soil fraction content of 11% clay, 70% sand,
19% silt) in Nowiny; and Endocalcaric Cambisol (soil texture class sandy loam with soil
fraction content of 12% clay, 64% sand, 24% silt) in Pityny [41].

o

Q

LITHUANIA

BELARUS

POLAND

GERMANY
®
Pagow

UKRAINE

CZECH REPUBLIC

SLOVAK REPUBLIC'U 50100 200 kn

Figure 1. Locations of field experiments.

2.2. Soil Sampling and Analysis

After harvesting, forecrop soil samples at depths of 0-30 and 30-60 cm were collected.
The second soil sampling was conducted after the winter rapeseed harvest at the same soil
layers. Chemical analyses were conducted at chemical and agricultural stations in Poland
according to standard procedures used for agricultural soils. Soil reaction (pHgc;) was
measured potentiometrically in 1 M KCl [42]. Soil organic carbon (SOC) content [43] and
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nutrients available for plants, including nitrate nitrogen (N-NO3) and ammonium nitrogen
(NHy) [44], phosphorus (P) [45], potassium (K) [46], magnesium (Mg) [47], boron (B) [48],
copper (Cu) [49], iron (Fe) [50], manganese (Mn) [51] and zinc (Zn) [52] were analyzed
according to standard procedures.

The soil pH before the sowing of winter rapeseed was adjusted to neutral or alkaline,
i.e., favorable for rapeseed, except in Nowiny (30-60 cm layer) in 2016, Pagéw (both layers)
in 2017 and Pityny (0-30 cm layer) in 2018 (Table S1). Soil in most of the locations was
characterized by relatively low SOC content, except Sahryn in 2016, when SOC content was
high. The most important nutrients for rapeseed such as mineral nitrogen and available
forms of phosphorus and potassium before sowing were at sufficient levels for proper
growth and development of plants.

2.3. Experimental Design and Treatments

In the study, the weather conditions were limited to the spring-summer growing
season (March-July). The amount of rainfall in this period was 259-404 mm in 2017,
304-419 mm in 2018 and 203-334 mm in 2019 (Table S2). The forecrop for winter rapeseed
was, in most cases, winter wheat, and less often, spring wheat and spring barley (Table S3).
The doses in the experiments were 10-69 kg P ha™! of phosphorus, 22-125 kg K ha~! of
potassium and 3-72 kg S ha™! of sulphur. Total phosphorus and potassium were used
before sowing winter oilseed rape. In spring, nitrogen was used in 2 doses: at the start
of vegetation and up to 3 weeks later. Sulphur was introduced with the first dose of
nitrogen in the spring. Before sowing winter oilseed rape, small amounts of nitrogen and
sulphur were supplied with compound fertilizers. Depending on the location, the nitrogen
mineral fertilizers were applied as urea ammonium nitrate or a mixture of these two forms.
Potassium and phosphorus were applied as mineral fertilizers in forms available for plants
(mainly potassium chloride and superphosphate). Foliar fertilizers containing boron were
applied in the fall and spring. Plant protection against pests (including weeds, diseases
and insects) was conducted according to standard methods recommended by official plant
protection services in Poland.

In the experiment, 3 treatments were applied (Table 1).

Table 1. Description of experimental treatments.

Treatment Characteristics

Control: Standard nitrogen mineral fertilization rate, which, adjusted for soil

0 properties and depending on location, was in the range of 139-258 kg ha ! N.

Mineral nitrogen fertilization reduced by 30% compared to standard dose
(treatment 0) before planting and during growth of rapeseed (first dose of
nitrogen in spring was the same as in treatment 0, second dose was reduced) at

1 97 to 181 kg ha™! Nj; Penergetic-K at 400 g per ha after forecrop harvest, before
soil tillage; Penergetic-K at 400 g per ha with first crop protection spraying in
spring; Penergetic-P at 300 g per ha with second crop protection spraying in
spring; Penergetic-P at 300 g per ha 3 weeks later.

Mineral nitrogen fertilization reduced by 30% compared to standard dose
(treatment 0) before planting and during growth of rapeseed (first nitrogen rate
in spring was the same as in treatment 0, second dose was reduced) at 97 to

181 kg ha™' N; Penergetic-K at 400 g per ha + Azoter at 10 dm? per ha after
forecrop harvest before soil tillage; Penergetic-K at 400 g per ha + Azoter at

10 dm? per ha with first crop protection spraying in spring; Penergetic-P at

300 g ha™! with second crop protection spraying in spring; Penergetic-P at

300 g dm? per ha 3 weeks later.

Penergetic-K and Penergetic-P are growth activators produced by Penergetic Interna-
tional AG Company. The detailed composition of the products is reserved by the producer.
Penergetic-K and -P are based on bentonite clay treated by electric and magnetic fields.
Azoter is a preparation produced by Azoter Trading s.r.o. that contains plant growth-
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promoting rhizobacteria (PGPR). The pH of the product is in the range of 5.8 to 8.5. The
preparation contains the following microorganisms: Azotobacter chroococcum, Azospirillum
brasilense and Bacillus megaterium. The total number of living microorganisms is at least
4 x 107 colony-forming units per cm=. The application was as a water solution at a dose
of 250 dm? per ha. The experiment in every location in every year was a randomized com-
plete block design (RCBD) with 4 replications and 12 plots in each individual experiment.
The number of individual experiments was 3, 2 and 5 in the 20162017, 2017-2018 and
2018-2019 seasons, respectively.

2.4. Plant Sampling and Measurements

Before harvest, plants were cut from a representative area of 15 m? (3 x 5 m) from
each plot and their density was determined. Ten plants were randomly selected from
each sample, and the plant height and number of pods per plant were determined. The
number of seeds was determined in 10 randomly selected pods from each plant. Then,
all the plants were threshed, the seeds were cleaned of impurities and the seed and straw
yields were weighed. The humidity of seeds was measured with an electric hygrometer
(Draminiski GMM mini). Determination of raw fat content was carried out according to
the PN-76/R-64753 [53] standard at the Chemical and Technological Laboratory of the
Variety Evaluation Experimental Station in Stupia Wielka. Fat yield was calculated from the
following formula: dry matter yield of seeds (at 9% moisture x 0.91) x fat content in the
location/100. The weight of 1000 seeds was determined at the Department of Agronomy at
the Warsaw University of Life Sciences according to PN-EN ISO 520: 2010 [54].

The following measurements were performed in the experiments: seed yield at 9%
moisture (t ha™), seed moisture (%), fat content in seeds (% d.m.), fat yield (kg ha~1), straw
yield (t ha™), plant density at harvest (pcs. M~2), number of pods (pcs. Plant™), number of
seeds per pod (pcs.), weight of 1000 seeds (g) and plant height (cm).

2.5. Statistical Analysis

For statistical analysis, ANOVA was performed with Tukey’s procedure of multiple
comparisons (honestly significant difference (HSD) test) at the 0.05 significance level.
Individual experiments were treated as individual environments which varied by weather
and soil conditions. Environment (location x year) was treated as the first factor with
10 levels (10 individual experiments) and treatment was the second factor with three levels.
Due to this, two-way ANOVA was applied instead of three-way ANOVA, since all locations
were not included in all years (site and year were not evaluated as separate factors, but
together as environment).

Statistical analysis was conducted using Statistica 13 (TIBCO Software Inc., Palo Alto,
CA, USA). The results were presented using descriptive statistics, including range (min-
max), means and parameters of variability (standard deviation (SD) and coefficient of
variation (CV)).

3. Results
3.1. Comparisons of Soil Properties

The impact of the applied experimental fertilizer combinations on selected soil prop-
erties was observed primarily in Pagéw in 2018 and 2019, when the forecrop was winter
wheat (Table S4). In some locations, a positive effect of combination 1 on increased content
of ammonium nitrogen (N-NHy), K, nitrate nitrogen (N-NO3), mineral nitrogen (Nmin),
Mn and Zn in the soil was observed in relation to the control treatment (0). In the case of
combination 2, increased content was found for nitrate nitrogen (N-NOj3), Mn, ammonium
nitrogen (N-NHj), mineral nitrogen (Nmin), B, K and Zn (Table S4).

3.2. Comparisons of Plant Traits

For treatment 1, significant increases in seed yield (by 9.8%), fat content in seeds (by
1.3%), fat yield (by 11.4%), number of pods per plant (by 12.5%), number of seeds per pod
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(by 8.7%) and plant height (by 2.1%), and a significant reduction in the weight of 1000 seeds
(by 5.9%) were observed compared to treatment 0 (Table 2, Figure 2).

Table 2. Comparison of means for pooled data (all years and locations) based on ANOVA and multiple comparisons by
Tukey’s highly significant difference (HSD) test. p-values show the influence of studied treatments on yield and traits of
winter rapeseed (2017-2019) and main effects of factors (location X year) and their interactions.

Treatment p-Value Based on ANOVA

Trait 0 1 2 Treatment Environment Interaction:
(T (E: Year x Location) T X E
Seed yield at 9% moisture (tha™!) 3.77a'l 4.14Db 4.06b <0.001 <0.001 0.001
Seed moisture (%) 7.87 a 7.97 ab 8.14b <0.001 0.041 <0.001
Fat content in seeds (% d.m.) 4598 a 46.58 b 46.67 b <0.001 <0.001 <0.001
Fat yield (kg ha=1) 1584 a 1764 b 1730 b <0.001 <0.001 0.002
Straw yield (t ha~') 397b 3.83 ab 375a <0.001 0.032 <0.001
Plant density at harvest (pcs. m2)  3239a 32.52a 32.70 a <0.001 0.787 0.146
Number of pods (pcs. plant™?) 288.5a 3245b  310.8ab <0.001 0.027 <0.001
Number of seeds per pod (pcs.) 2211a 24.04b 2594 c <0.001 <0.001 <0.001
Weight of 1000 seeds (g) 4.89b 4.60 a 4.76 b <0.001 0.001 <0.001
Height of plants (cm) 140.8 a 143.8b 143.1 ab <0.001 0.109 <0.001

! Different letters within rows indicate significant differences between means at o = 0.05.
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Figure 2. Means of seed yield, fat content and fat yield after treatment of winter oilseed rape in 2017-2019. (Same letters
under columns in same color indicate no significant difference between means at « = 0.05).

Treatment 2 caused significant increases in seed yield (by 7.7%), seed moisture (by
3.4%), seed fat content (by 1.5%), fat yield (by 9.2%) and seed number per pod (by 17.3%)
and a significant reduction in straw yield (by 5.5%) compared to combination 0. Object 2
was characterized by a significantly higher number of seeds per pod (by 7.9%) and weight
of 1000 seeds (by 3.5%).

The increase in seed yield found with treatments 1 and 2 resulted from an increase in
the numbers of pods per plant and seeds per pod. On the other hand, the increase in fat
yield was the result of an increase in the seed yield and fat content.

All the p-values based on ANOVA for the effect of treatment were significant (p < 0.05),
which means the treatment had a strong effect on all studied traits. Moreover, most p-
values for the interaction between treatment and environment were below 0.05, which
means that the effect of the treatment was modified by environmental conditions (soil
and weather). Interactions of the most important agronomical traits, i.e., seed yield, fat
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content and fat yield, are presented in graphic form in Figure S1. Based on these results,
we can conclude that the effect of the treatment depended on the environmental conditions
(soil and weather) and was significant in about half of the environments. Most of the
environments where a significant effect was observed were characterized by rather lower
seed and fat yield and lower fat content.

3.3. Variability of Plant Traits

The highest variability was observed in the straw yield (CV = 52.6%) and number of
pods per plant (CV = 50.7%) (Table 3). Such high variability of these traits can be caused by
high individual variability of plants, which is dependent on plant density. A smaller plant
density causes much stronger plant branching; on the contrary, if the plant density is higher,
plants are less branched. This phenomenon is due to the many possibilities for rapeseed
plants to compensate for branching at various plant densities. The lowest variability
was observed for fat content in seeds (CV = 4.3%), which is a trait less independent of
environmental and agronomic conditions.

Table 3. Descriptive statistics for all experiments with winter rapeseed (2017-2019).
. . . Standard Coefficient of
Trait Mean Minimum — Maximum — pyiotion (SD)  Variation (CV), %
Seed yield at 9% moisture (t ha1) 3.99 2.33 6.37 0.79 19.69
Seed moisture (%) 7.99 4.00 11.20 2.03 25.45
Fat content in seeds (% d.m.) 46.41 40.32 50.41 2.00 4.31
Fat yield (kg ha=1) 1692 982 2885 387 22.85
Straw yield (t ha=1) 3.85 2.30 13.40 2.02 52.55
Plant density at harvest (pcs. m~2) 32.53 9.10 57.00 13.74 4222
Number of pods (pcs. plantfl) 307.9 113.6 929.0 156.2 50.73
Number of seeds per pod (pcs.) 24.03 12.76 34.70 5.27 21.91
Weight of 1000 seeds (g) 475 2.00 7.40 0.89 18.82
Height of plants (cm) 142.56 108.40 188.90 19.91 13.96

4. Discussion

The beneficial changes in the soil abundance of some macro- and microelements
observed in the experiments confirm our other research [30,34]. Biopreparations contain-
ing the bacteria Bacillus spp., Thiobacillus spp., Azotobacter spp. and other plant growth-
promoting rhizobacteria (PGPR) can maintain or even increase the soil organic carbon
content in the arable layer of soil [55,56]. The results of previous studies proved the possi-
bility of using P-solubilizing rhizobacteria as inoculants for canola, but P-solubilization
was not the main reason for the positive effects on plant growth [57].

The beneficial effects of the use of growth activators and the bacterial preparation
obtained in the experiments confirm the results obtained in the cultivation of other plant
species. In the cultivation of sugar beet, the use of an identical combination with growth
activators with the mineral nitrogen dose reduced by 30% resulted in increased root yield
by 7.3% and technological sugar yield by 6.3% compared to the full nitrogen dose [34].
In the case of the combination of growth activators with the bacterial preparation, the
increase was 11.5 and 13.4%, respectively. Similar beneficial effects were obtained in the
cultivation of maize, where the use of growth activators increased the grain yield by 2.9%,
and activators combined with a bacterial preparation increased the yield by 8.8% with a
30-40% reduction in the dose of mineral nitrogen compared to the combination with a
full dose [30].

The use of PGPR had a positive effect on oilseed rape yield in other studies conducted
with both the winter [55] and spring [23] forms. In the greenhouse, selected strains caused
a 57% increase in yield, and in field conditions, the yield increase was in the range of
6-13% [15]. The inoculation of rapeseed with either Pseudomonas fluorescens or Pseudomonas
putida had a positive effect on seed yield and reduced the negative effect of drought



Sustainability 2021, 13, 3562 7 of 10

stress [58]. Individual application of either P. flourescens 169 or P. putida 108 showed better
yields than the application of mixed strains [59]. Plant growth-promoting rhizobacteria
(PGPR) can cause resistance to abiotic stress due to, e.g., drought and increased plant
growth [60]. The rhizobacterium Azospirillum brasilense strain Ab-V5, presented as a growth
promoter for canola plants, provided 2.6 times greater root development and increased
plant height [61]. Azospirillum lipoferum mitigated the adverse effects of drought stress by
improving the plant’s physiological and biochemical processes [62].

5. Conclusions

The use of growth activators without additional products, or together with a bacterial
preparation containing plant growth-promoting rhizobacteria with nitrogen fertilization,
reduced by 30% significantly increased fat yield compared to the control treatment with a
full dose of nitrogen fertilization. The increase in fat yield resulted from increases in both
the seed yield and the fat content of seeds.

Assuming that the average dose of mineral nitrogen in the cultivation of winter
oilseed rape in Poland is 200 kg ha™' N, the use of growth activators alone or together with
a bacterial preparation makes it possible to reduce fertilization with this component by
approx. 60 kg ha™! N. Taking into account the scale of oilseed rape production (0.88 million
ha), this means savings of 52.8 thousand tonnes of mineral nitrogen per year. Therefore,
introducing the researched solutions into agricultural practice would provide measurable
benefits for the natural environment in Poland.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2071-105
0/13/6/3562/s1, Table S1: Soil conditions before establishing an experiment with winter oilseed
rapeseed (2016-2018), Table S2: Weather conditions during the growing spring season of winter
oilseed rapeseed (2017-2019), Table S3: Characteristics of winter oilseed rape production technology
in the experiment (2016/2017-2018/2019), Table S4: Soil conditions after the harvest winter oilseed
rape (2017-2019), Figure S1: Means of seed yield (a), fat content (b) and fat yield (c) of variants of
winter oilseed rape in different years and locations (environments).
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