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The aim of this pot experiment was to determine the effect of increasing rates of meat and bone meal (MBM), ap-
plied alone or in combination with a microbial preparation containing Bacillus subtilis (FITOdoctor), on the growth
of Sinapis alba L.. Dry matter (DM) yield, the nitrogen (N) and phosphorus (P) content of white mustard were deter-
mined, together with the mineral N (N_ ) and available P content of soil. The application of FITOdoctor to the soil
improved white mustard yield only during the second growing season. Second-harvest white mustard biomass had
a significantly lower content of N and P than first-harvest biomass. The highest MBM rate significantly increased
the N_.content of soil. Nitrogen uptake by plants and N concentration in biomass were highest in the treatments
with the highest mineral N content of soil. Similar relationships were observed for P whose uptake by plants was
also affected by B. subtilis in two treatments (NPK, 0.8% MBM). MBM is a valuable N and P fertilizer, whereas B.
subtilis has varied effects.
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Introduction

Excessive use of chemicals in agriculture, intensive soil tillage and inadequate crop rotation have led to soil fer-
tility decline. Recent years have witnessed a growing interest in eco-friendly soil amendments and crop protec-
tion methods. White mustard (Sinapis alba L.) is an oilseed crop grown for its seeds that are used as a spice. The
species is also grown as fodder, green manure and mulch. When used as green manure and mulch, the amount
of organic matter and nutrients supplied by white mustard biomass to the soil is comparable with that found in
the recommended rates of manure (Harasimowicz-Hermann and Hermann 2006). White mustard also exerts phy-
tosanitary effects and prevents soil erosion (Szymczak-Nowak and Nowakowski 2000). Meat and bone meal (MBM)
can be an alternative to mineral nitrogen-phosphorus (NP) fertilizers on account of its high content of N (approx.
80 g kg DM), P (approx. 50 g kg DM) and Ca (approx. 100 g kg™ DM) as well as micronutrients and organic mat-
ter (approx. 700 g kg™ DM) (Jeng et al. 2006). MBM contributes to soil fertility, higher yields and better quality
of agricultural products (Jeng et al. 2004, Chaves et al. 2005, Jeng et al. 2006, Chen et al. 2011, Brod et al. 2012,
Nogalska and Zalewska 2013, Nogalska 2016, Nogalska et al. 2017).

The 20 century has seen rapid advances in agricultural biotechnology, including the use of beneficial microor-
ganisms in agriculture. Bacillus subtilis, which belongs to plant growth-promoting rhizobacteria (PGPRs), is wide-
spread in the natural environment. This biologically active bacterial species can be a viable alternative to fungi-
cides and nematicides (Cazorla et al. 2007, Rao et al. 2017). Bacteria of the genus Bacillus have been widely used
for the production of enzymes, antibiotics, bioinsecticides and other metabolites. They are characterized by rapid
growth and known to secrete numerous proteins outside of the cell. Bacillus subtilis promotes plant growth due
to its ability to synthesize growth regulators (gibberellins, auxin and cytokinins), solubilize P and produce sidero-
phores that chelate ferric iron. Bacillus species can increase P availability to plants by mobilizing poorly available
forms of P in soil, such as calcium phosphates and organic compounds (Patel et al. 2010, Wang et al. 2011, Zuo
and Zhang 2011, Garcia-Lopez et al. 2015). They can also indirectly mitigate or prevent diseases caused by patho-
gens, including nematodes, in numerous host plant species (Cawoy et al. 2011). These microorganisms, referred
to as biofertilizers, offer an alternative to mineral fertilizers and constitute green biotechnology tools (Al-Taweil
et al. 2009). Bacillus subtilis have been classified as GRAS (generally recognized as safe) by the US Food and Drug
Administration. In Poland, bacteria of the genus Bacillus (B. subtilis and B. thuringiensis) have been classified into
the second risk group according to the Regulation of the Minister of Health of 22 April 2005. Recent research has
shown that B. subtilis has no specialized mechanisms by which pathogens colonize human and/or animal hosts
(Kozajda and Szadkowska-Stariczyk 2012). Nevertheless, the use of microbial preparations as substitutes for chemi-
cal agents in agriculture and horticulture remains controversial.
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The objective of this study was to determine the effect of increasing rates of MBM, applied alone or in combina-
tion with a microbial preparation (FITOdoctor) containing B. subtilis, on the dry matter (DM) yield, N and P con-
tent of and uptake by white mustard (Sinapis alba L.). The concentrations of mineral N (N__ ) and available P in
soil were also analyzed.

Materials and methods
Experimental plot

A greenhouse experiment was conducted in 2013 at the University of Warmia and Mazury in Olsztyn (Poland), in
a completely randomized design with four replications. Modified Kick-Brauckmann pots (volume - 9 |, diameter -
23 cm) were filled with 10 kg of soil with the following chemical properties: pH in 1 mol KCI solution = 5.33, and
moderate levels of available P, K and Mg (Table 1). Soil moisture content in pots was maintained at 60% of the
maximum water capacity. The nutrient status of soil was determined based on the Polish classification system.
The soil material was collected from the surface horizon of Haplic Cambisol (FAO 2014) which had the texture of
loamy sand. The tested crop species was white mustard (Sinapis alba L.) grown as green fodder, sown twice dur-
ing the year into the same soil, at 10 seeds per pot, at a depth of 2 cm. Before the second sowing, the soil was
loosened (not mixed), and the tap roots remaining after the first harvest were removed. White mustard was har-
vested after 5 weeks, in the full flowering stage.

MBM was applied as a slow-release nitrogen-phosphorus fertilizer, at a single rate, before the first sowing of white
mustard. Increasing rates of MBM were mixed with soil according to the experimental design involving 10 treat-
ments. MBM was purchased from the authorized Animal By-Products Disposal Plant Saria (Dtugi Borek, Poland).
Increasing rates of MBM were mixed with soil according to the experimental design involving the following 10 treat-
ments: 1) “0” — no fertilizer; 2) “0” + Bs — no fertilizer, B. subtilis; 3) NPK — mineral fertilizer, no B. subtilis; 4) NPK +
Bs — mineral fertilizer and B. subtilis; 5) 0.2% MBM — 0.2% MBM per pot filled with 10 kg of soil, no B. subtilis; 6.
0.2% MBM + Bs — 0.2% MBM and B. subtilis; 7) 0.4% MBM — 0.4% MBM, no B. subtilis; 8) 0.4% MBM + Bs — 0.4%
MBM and B. subtilis; 9) 0.8% MBM — 0.8% MBM, no B. subtilis; 10) 0.8% MBM + Bs — 0.8% MBM and B. subtilis.

The chemical properties of MBM are shown in Table 1. MBM rates of 0.2, 0.4 and 0.8% weight basis supplied 1.5,
3.0and6.0g N pot?,and 1.0,2.0and 4.0 g P pot %, respectively. Since MBM has relatively low K content, K was sup-
plied by mineral fertilizers, at the rate corresponding to potassium fertilizer levels in the control (NPK) treatment.

Table 1. Chemical characteristics of the soil and meat and bone meal (MBM) used in the pot experiment

Parameter: Soil / MBM Unit: Soil ; MBM Soil MBM
Dry matter (DM) g kg 960 970
pH-1MKCl/H,0 - 5.33 5.80
Total N mg/kg ; g/kg 1.10 75.2
Available P mg/kg ; g/kg 62.1 47.5
Available K mg/kg ; g/kg 111.8 3.42
Available Mg mg/kg ; g/kg 45.0 2.0
Available Ca mg/kg ; g/kg 422 100.3
Organic matter g kg DM 8.11 714

In the control treatment, NPK fertilizer was applied before the first and second sowing of white mustard (per pot):
1.5 g N applied as CO(NH,), (three equal rates of 0.5 g each; one pre-sowing application followed by two top dress-
ing applications), 0.5 g P as KH,PO, (pre-sowing application) and 1.0 g K as KH,PO, and KCl (pre-sowing applica-
tion). During two mustard growing seasons, 3.0 g N, 1.0 g P and 2.0 g K per pot™ were applied in this treatment.
Unfertilized soil was also used as a control treatment.

A slow-release microbial preparation known under the brand name of FITOdoctor (AGRARIUS Ltd.) was tested in
the study. FITOdoctor contains B. subtilis at 5 x 10° CFU (colony forming units) per gram of the preparation. The
preparation was applied to the soil in liquid form (according to the manufacturer’s recommendations), at a sin-
gle rate of 1 g per 10 kg of soil in a pot (250 ml of solution per pot), before the first sowing of white mustard. All
treatments were established on the day of mustard sowing.
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Soil and plant analyses

Before the establishment of the experiment, soil was analyzed as follows: available P and available K — by the Eg-
ner-Riehm DL method (soil: solution extraction ratio 1:50 m/v), and available Mg — by the Schachtschabel method
(soil: solution extraction ratio 1:10 m/v).

Soil samples were collected from pots after the second harvest of white mustard. The soil samples were analyzed
as follows: pH in 1 M KCl (soil: solution extraction ratio 1:2.5 v/v) by the potentiometric method, content of am-
monium N and nitrate N in fresh samples after extraction with 0.06 M K,SO, (soil: solution extraction ratio 1:5
m/v) —colorimetrically (NH,*-N with Nessler’s reagent, NO,-N with phenoldisulfonic acid, available P — by the Eg-
ner-Riehm DL method (soil: solution extraction ratio 1:50 m/v) (Panak 1997).

Dried, weighted and ground plant samples were wet mineralized in concentrated sulfuric acid (V1) with hydrogen
peroxide (H,0,) as the oxidizing agent. Mineralized plant samples were assayed for the content of total N (with
the sodium hypochlorite reagent) and total P by the vanadium-molybdenum method (Panak 1997). Nitrogen and
phosphorus uptake were calculated based on the biomass produced and the content of a given nutrient in biomass.

Statistical analysis

The results were processed statistically by analysis of variance (ANOVA) in the STATISTICA 10 program (StatSoft
2010). The DM yield of white mustard and the results of chemical analyses were processed statistically by two-
way ANOVA, with two experimental factors: factor 1 — increasing rates of MBM applied alone or in combination
with the FITOdoctor microbial preparation, factor 2 — harvest date (first and second harvest). Soil test results were
analyzed statistically by one-way ANOVA. The significance of differences between means was determined by Dun-
can’s test at p < 0.01.

Results and discussion
Plant yield

Increasing rates of MBM (0.2, 0.4 and 0.8% per pot) had a significant effect on white mustard yield relative to
the control (NPK) treatment (Table 2). MBM applied at the highest rate (0.8%) significantly (by 21% on average)
increased the aboveground DM vyield of white mustard in comparison with the NPK treatment. In the treatment
with the highest MBM rate, both the first- and second-harvest biomass yields were high (32.66 and 31.85 g pot*
DM, respectively).

Table 2. Yield (g pot™ DM) and nitrogen and phosphorus content (g kg* DM) of white mustard

Treatment Yield N P
| I mean for | I mean for | I mean for
rate rate rate

0 (no fertilizer) 14.36 5.25 9.81° 11.93 12.57 12.25° 1.73 1.42 1.57°
0+Bs 17.48 5.69 11.58° 11.94 15.19 13.56° 1.83 1.51 1.67%
NPK 27.85 25.53 26.69¢ 39.91 29.17 34.54¢ 2.15 1.93 2.04
NPK+Bs 27.68 32.31 29.99¢ 38.15 32.50 35.32¢ 2.07 2.08 2.07¢
0.2%MBM 26.69 14.18 20.43° 24.86 12.83 18.84° 1.75 1.50 1.62°
0.2%MBM+Bs 24.79 17.14 20.96° 29.48 13.25 21.36° 1.95 1.71 1.83¢d
0.4%MBM 29.28 25.10 27.19« 40.95 16.68 28.81°¢ 1.94 1.78 1.86
0.4%MBM+Bs 28.48 25.98 27.23« 50.76 17.67 34.21¢ 1.94 1.77 1.85b
0.8%MBM 32.66 31.85 32.25¢ 51.69 35.30 43.49¢ 2.03 2.00 2.01
0.8%MBM+Bs 36.45 33.03 34.74f 52.34 35.39 43.86° 2.04 2.06 2.05¢
Mean for harvest 26.57° 21.61° 24.09 35.20° 22.05° 28.63 1.94° 1.78° 1.86
dxh s - s - s -

0+Bs = Bacillus subtilis without fertilizers; NPK = mineral fertilization; MBM = meat and bone meal applied in increasing rates alone or in
combination with Bacillus subtilis; | and Il = first and second harvest of white mustard; (d x h) = interaction between rate and harvest; s =
significant difference at p < 0.01. Values within a row (mean for harvest) marked with the same letter are not significantly different at p <
0.01. Values within a column (mean for rate) marked with the same letter are not significantly different at p < 0.01.

The amount of N supplied per pot (6.0 g) by the highest MBM rate was twofold higher than in the control treat-
ment during two mustard growing seasons. White mustard yields in the treatment with the medium MBM rate
(0.4%) and in the control treatment were comparable, and the amount of supplemental N was identical in both
treatments (3.0 g pot?). A beneficial influence of MBM on crop yields has been reported by many authors (Jeng
et al. 2004, 2006, Chaves et al. 2005, Ylivainio et al. 2008, Chen et al. 2011, Nogalska 2016). In the present study,
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MBM was incorporated into the soil at a single rate before sowing, whereas mineral fertilizer (CO[NH,],) —46% N
was applied at 1.5 g N pot™ per growing season at three equal rates of 0.5 g each. The lowest rate of MBM (0.2%),
which supplied half the amount of N (1.5 g N per pot) relative to the NPK fertilizer, significantly reduced white
mustard yield (by around 23% on average). The decrease in average yield in this treatment resulted from nearly
two-fold lower biomass produced during the second growing season by white mustard grown in the same soil. It
appears that the lowest rate of MBM was insufficient to meet the N requirements of white mustard in the second
growing season. Similar results were reported for maize (Nogalska et al. 2013).

The average DM yield of white mustard was 19% lower during the second harvest relative to the first harvest, and
the noted difference was statistically significant (Table 2). In the second growing season, white mustard yields
were approximately three-fold lower in unfertilized treatments and nearly two-fold lower in the treatment with
the lowest MBM rate.

The FITOdoctor microbial preparation, which contains B. subtilis cells, contributed to a significant (over 12%) in-
crease in the average DM yield of white mustard only in the NPK treatment (Table 2). The yield of second-harvest
white mustard was 27% higher in the NPK + B. subtilis treatment than in the NPK treatment without the microbial
preparation. A yield-increasing effect of MBM combined with B. subtilis was noted only during the second grow-
ing season. The only exception was the treatment with the highest MBM rate (0.8%) with B. subtilis where white
mustard yield increased by approximately 12% already during the first growing season. It should be stressed that
the microbial preparation was applied at a single rate before the first sowing of white mustard, which could indi-
cate that its effect was spread over time. Naher et al. (2016) demonstrated that bacteria of the genus Bacillus ap-
plied with organic fertilizer significantly increased rice yields. The application of organic fertilizer with B. subtilis
increased the uptake of both macro- and micronutrients by plants.

The total aboveground yield (first and second harvest) of white mustard per pot ranged from 19.61 g DM in the
unfertilized treatment to 69.48 g DM in the treatment with the highest MBM rate and FITOdoctor (Fig. 1). B. sub-
tilis contributed to an increase (from 1.5 to 18%) in the total DM yield of white mustard in all treatments, in com-
parison with the treatments where the microbial preparation was not applied. A beneficial influence of Bacillus
sp. on crop yields, which was also observed by Qiao et al. (2017) and Othman and Panhmar (2014), could result
from the adsorption of siderophores to iron oxide surfaces, which increased available P uptake by plants. Phy-
tohormones (such as gibberellin) released by B. subtilis could also promote root growth, thus increasing nutri-
ent uptake by plants. Due to the production of siderophores, PGPRs can regulate iron cycling in plants and soil.

70 de
ce

g pot DM
B
o

Fig. 1. Total yield (sum of the first and second harvest) of white mustard (0+Bs = Bacillus subtilis
without fertilizers; NPK = mineral fertilization; MBM = meat and bone meal applied in increasing
rates alone or in combination with Bacillus subtilis. Values within above the column marked
with the same letter are not significantly different at p < 0.01.)

Nitrogen and phosphorus content of white mustard biomass
The N and P contents of the aboveground biomass of white mustard were significantly modified by the applica-
tion of MBM and FITOdoctor, and harvest date (Table 2). The concentrations of both macronutrients in white mus-

tard plants increased with increasing MBM rates. In comparison with the NPK treatment, the lowest and medium
MBM rates (0.2 and 0.4%) caused a significant decrease in N concentrations in white mustard biomass, whereas
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the highest MBM rate (0.8%) significantly increased its N levels. Different results were obtained for the P con-
tent of white mustard. The effects exerted by the highest and medium MBM rates were comparable with those
noted in the NPK treatment, and the lowest MBM rate significantly (by approx. 16%) decreased P concentrations
in white mustard biomass. Positive interactions were noted between the microorganisms and the medium MBM
rate for N content, and between the microorganisms and the lowest MBM rate for P content. White mustard bi-
omass harvested in the above treatments had 19% higher N content and 13% higher P content, compared with
the treatments without B. subtilis. In a study by Naher et al. (2016), Bacillus sp. contributed to an increase in the
concentrations of N and P in rice. Previous research has shown that bacteria mobilize poorly available forms of
P in soil and make them readily available to plants (Mena-Violante and Olalde-Portugal 2007). The application of
Bacillus sp. with fertilizers has been found to stimulate root growth, and improve the productivity and health sta-
tus of plants (Turan et al. 2007, Wang et al. 2011, Garcia-Lépez et al. 2015).

Second-harvest white mustard biomass had a significantly lower content of N and P than first-harvest biomass,
by 37 and 9%, respectively (Table 2). A significant (two- to three-fold) decrease in N content was observed mostly
in the treatments with the lowest and medium MBM rates (0.2 and 0.4%). In the treatments with mineral fertili-
zation and with the highest MBM rate, the N content of white mustard decreased 1.2 to 1.5-fold. First- and sec-
ond-harvest white mustard biomass contained more N in the treatment with the highest MBM rate (by 33 and
15%, respectively) than in the NPK treatments. The highest decrease in P content was noted in second-harvest
white mustard biomass in the treatments without mineral fertilization (approx. 21%) and with the lowest MBM
rate (approx. 15%).

Nitrogen and phosphorus uptake by white mustard

Nutrient uptake by crop plants is one of the most important criteria for fertilizer evaluation.Increasing rates of
MBM (0.2, 0.4 and 0.8%) and successive plantings significantly modified N and P uptake by white mustard (Table 3).

Table 3. Nitrogen and phosphorus uptake (g pot* DM) by white mustard

Treatment N P

| Il mean for rate | Il mean for rate
0 (no fertilizer) 0.172 0.068 0.120° 0.025 0.007 0.016°
0+Bs 0.208 0.085 0.147° 0.032 0.009 0.020°
NPK 1.112 0.741 0.927« 0.060 0.044 0.052¢
NPK+Bs 1.039 1.048 1.0444 0.057 0.067 0.062¢
0.2%MBM 0.669 0.185 0.427° 0.047 0.021 0.034°
0.2%MBM+Bs 0.734 0.226 0.480° 0.048 0.029 0.039°
0.4%MBM 1.199 0.418 0.809¢ 0.057 0.045 0.051¢
0.4%MBM+Bs 1.440 0.437 0.938« 0.055 0.044 0.049¢
0.8%MBM 1.683 1.121 1.402¢ 0.067 0.064 0.065¢
0.8%MBM+Bs 1.904 1.167 1.536° 0.074 0.072 0.073¢
Mean for harvest 1.016° 0.550° - 0.052° 0.040° -
dxh s s

0+Bs = Bacillus subtilis without fertilizers; NPK = mineral fertilization; MBM = meat and bone meal used at increasing rates, alone or in
combination with Bacillus subtilis; | and Il = first and second harvest of white mustard; (d x h) = interaction between rate and harvest; s =
significant difference at p < 0.01.Values within a column (mean for rate) marked with the same letter are not significantly different at p< 0.01

Both N and P uptake increased with increasing MBM rates which supplied 1.5, 3.0 and 6.0 g N pot* and 1.0, 2.0
and 4.0 P pot™. In comparison with the control treatment (3.0 g N pot?), the highest MBM rate contributed to sig-
nificantly higher N uptake (1.47 g pot™ on average), and the lowest MBM rate contributed to significantly lower N
uptake (0.45 g pot? on average). White mustard grown in the treatment with the medium MBM rate accumulated
similar amounts of N to plants as those grown in the NPK treatment due to identical N concentration per pot in both
treatments (3.0 g). Bacillus subtilis had no influence on N uptake by mustard. Phosphorus uptake by plants was af-
fected by MBM rate and B. subtilis in two treatments, NPK and 0.8% MBM. The highest P uptake was noted in the
treatment with the highest MBM rate applied with B. subtilis. Nitrogen and P uptake by white mustard depended
on crop yield and, to a lesser extent, on the N and P content of biomass (Table 2). Similar results were obtained
in previous studies with other crop species (Nogalska and Zalewska 2013, Nogalska 2016, Nogalska et al. 2017).
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Soil pH

The soil used in the experiment was acidic (pH in 1 mol KCl = 5.33). White mustard is sensitive to acidification, and
it produces the highest yield on neutral soils. Therefore, Ca-rich MBM was used. Soil samples collected from the
NPK treatments after the second harvest of white mustard were still acidic (Table 4).

Table 4. Content (mg kg™) of mineral nitrogen forms and plant-available phosphorus, and pH, , of soil after the second white
mustard harvest

Treatment NH*,-N NO,-N P pPH,
0 (no fertilizer) 1.49° 0.882 60.84° 5.70b¢
0+Bs 2.39% 1.55° 62.14° 5.75%
NPK 2.66° 1.79° 76.67< 5.25%
NPK+Bs 2.65° 2.34¢ 67.56° 5.16°
0.2%MBM 2.41% 1.09° 73.14¢ 6.01¢
0.2%MBM+Bs 1.72® 0.73¢ 68.20° 5.79%¢
0.4%MBM 2.41% 0.78° 77.20¢° 5.91°%
0.4%MBM+Bs 2.54% 0.77° 69.31° 5.80%
0.8%MBM 6.98° 4.82¢ 83.58° 5.59
0.8%MBM+Bs 7.04¢ 5.54¢ 85.65° 5.61%

0+Bs = Bacillus subtilis without fertilizers; NPK = mineral fertilization; MBM = meat and bone meal applied in increasing rates alone or in
combination with Bacillus subtilis. Values within a column (mean for rate) marked with the same letter are not significantly different at p <0.01.

A considerable increase in pH values was noted in MBM treatments with and without B. subtilis, and soil was clas-
sified as slightly acidic. An increase in the pH of soil fertilized with MBM was also reported by Valenzuela et al.
(2000) and Deydier et al. (2003). In contrast, intensive fertilization with MBM can lower the soil pH (Nogalska et
al. 2017). In the current study, the pH of soil decreased steadily in response to increasing MBM rates which sup-
plied increasing amounts of Ca: 2.06, 4.12 and 8.24 g pot™’. However, the observed decrease was non-significant
relative to the NPK treatment. It should be noted that in MBM, Ca has the form of sparingly soluble tricalcium
phosphate Ca,(PO,), as well as CaCO,. In addition, MBM was acidic (pH in H,0 = 5.80).

Mineral nitrogen

In the current pot experiment, only the highest MBM rate significantly (over 2.6-fold) increased the concentra-
tions of NH,*-N and NO,-N in soil, in comparison with the NPK treatment (Table 4). The increase was observed
in soil fertilized with a two-fold higher rate of N (6.0 g N pot?) supplied by MBM, compared with soil fertilized
with urea (control treatment). Despite the fact that the highest white mustard yields were achieved in the above
treatments, Nmin was not efficiently utilized by white mustard plants. This suggests that the amount of N sup-
plied by the highest MBM rate exceeded the N requirements of the tested crop species. The application of MBM
at the lowest and medium rates significantly decreased NO,-N concentrations in soil, whereas NH,*-N concentra-
tions were comparable with those determined in the control treatment. Similarly to urea, MBM contributed to
a higher content of NH,*-N than NO,-N in soil. Therefore, it can be assumed that MBM applied at optimal rates
does not contribute to N leaching from soil to groundwater. According to Jeng and Vagstadt (2009), the amount
of N leached from MBM-amended soil is approximately three-fold lower, compared with mineral fertilization. In
MBM, N is present in the form of organic compounds, and it is gradually released into the soil through minerali-
zation, thus becoming available to plants (Jeng et al. 2004, Nogalska 2013). During the mineralization of organic
substances from MBM, some nutrients are released immediately whereas others (in particular N) are temporarily
immobilized by soil microbes, which partially prevents N losses. MBM decomposition could affect the soil envi-
ronment, nutrient availability to plants and C:N:S ratios in soil. The availability of N released during microbial de-
composition of soil organic matter is determined by the C:N ratio. If this ratio is wide (above 20), immobilization
predominates (Islam and Dick 1998). In the current study, the application of B. subtilis to the soil led to a signifi-
cant increase in NO,-N concentrations in three treatments: without fertilization, NPK and 0.8% MBM. Our find-
ings are difficult to interpret. White mustard is a sulfur demanding plant, therefore sulfur deficiency (S was not
applied in the experiment) could lead to reduced N uptake by plants.
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Available phosphorus

After two growing seasons, the available P content of soil increased from the initial value of 64.0 mg kg™ to a
high value of 76.7 mg kg™ (approx. 20% increase) in response to mineral fertilization (Table 4). The lowest MBM
rate (0.2%) supplied 1.0 g P pot?, and the amount of P was comparable with that in the control treatment. In
comparison with the NPK treatment, MBM applied at the highest rate (which supplied 4.0 g P pot?) contributed
to a significant 9% increase in the available P content of soil, and soil was abundant in P, similarly to the control
treatment. The pH of soil tended to decrease with increasing MBM rates, which led to increased accumulation
of available P in soil. A similar relationship was noted in a previous study (Nogalska and Zalewska 2013, Nogalska
et al. 2017). A beneficial influence of MBM on the abundance of plant-available P in soil was also reported by Yli-
vainio et al. (2008) and Brod et al. (2012). In the current study, soil was significantly less abundant in available P
in three treatments with B. subtilis: NPK, 0.2 and 0.4% MBM. The available P content of soil decreased by almost
11% compared with the treatments without the microbial preparation. Different results were reported by Oth-
man and Panhmar (2014) who observed an increase in available P concentrations in soil after the application of
B. subtilis. Bacteria of the genus Bacillus belong to the most important P solubilizers (Sharma et al. 2013). They
can convert insoluble P to soluble forms through soil acidification, enzymatic dissolution of phosphates and as-
similation of ammonium ions. In our study, B. subtilis did not contribute to available P release from MBM, most
probably due to P immobilization by soil organic matter. The present results are inconclusive, contradictory and
difficult to interpret, which necessitates further research.

Conclusions

This study indicates that MBM is a valuable NP fertilizer for mustard. The medium rate of MBM (4 g per 1 kg soil)
was found to be optimal. The N and P content of the aboveground biomass of white mustard (Sinapis alba L.) was
significantly modified by the application of MBM and B. subtilis, and harvest date. A single pre-sowing application
of the microbial preparation to the soil improved white mustard yields only during the second growing season.
The N and P content of white mustard biomass was determined by their abundance in soil. Nitrogen uptake by
plants and N concentration in biomass were highest in the treatments with the highest mineral N content of soil.
Similar relationships were observed for P whose uptake by plants was also affected by B. subtilis in two treatments
(NPK and 0.8% MBM). Nitrogen and P are biogenic elements which can pose an environmental threat when sup-
plied in large quantities. Therefore, MBM rates should be adjusted to the nutrient requirements of crop species.
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