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Abstract: The aim of the research was to investigate whether different doses of ash from biomass
combustion (Salix viminalis L. willow) have an impact on the number and community of soil bacteria.
The experiment was carried out on podzolic and chernozem soils in a one-way field experiment
(control, NPK, 100, 200, 300, 400, 500 kg KZOhafl). The ash from the biomass was characterized by
pH 12.83 £ 0.68 and high content of macronutrients. Samples were taken from the 0-5 cm layer of
soil under the cultivation of winter oilseed rape (Brassica napus L. var. Napus) in April and September
2021. The plate count method with PCA solid medium was used to determine the number of
microorganisms, and mass spectrometry (MALDI-TOF MS) was used to analyze the microbiological
community. The research showed an increase in the number of microorganisms after the use of the
biomass ash fertilizer in the variants with ash doses from 200 to 500 kg K,Oha~ L. The highest amount
of soil bacteria in both tested soils was determined in these variants. In total, 44 bacterial species of
5 genera were identified in all variants: Bacillus, Paenarthrobacter, Pseudarthrobacter, Pseudomonas, and
Rhodococcus. An important factor in the growth of the number of bacteria, in addition to the dose of
biomass ash, was soil moisture, which in September was significantly higher than in April 2021 in
both soils.

Keywords: biomass ashes; soil moisture; soil bacteria; microorganisms; fertilization; MALDI-TOF
MS Biotyper

1. Introduction

Soil bacteria are microorganisms without which life on Earth could not exist. They are
the key to the conversion of carbon and nitrogen in the soil, i.e., one of their most important
components, which are often marginally addressed in research. The main functions of
soil bacteria suggested by [1] are (1) providing nutrients to crops, (2) stimulating plant
growth, e.g., via production of plant hormones, (3) controlling or inhibiting the activity
of plant pathogens, (4) improving soil structure, and (5) bioaccumulation or leaching of
inorganic substances [2,3]. Bacteria are also used in the bioremediation process for cleaning
soils contaminated with toxic organic compounds, such as PAHs (polycyclic aromatic
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hydrocarbons) or pesticides [4-7]. Sustainable plant production should use the interactions
between plants and microorganisms in the rhizosphere, which plays a key role in the
transformation, mobilization, and solubilization of nutrients from forms that are difficult
to access to those available for plants [8]. Soil bacteria are essential factors driving soil
ecosystems and processes such as decomposition of organic matter, production of nutrients,
and reduction of greenhouse gases. They play a key role as part of the lower trophic
levels of the soil food web [9]. Thus, changes in the bacterial community may affect the
functioning and quality of soil [10,11]. Literature data show that the highest concentration
of microorganisms in soil occurs in the arable layer (surface) and around plant roots—the
rhizosphere [12-15]. The life of microorganisms in the soil environment and the use of
soils by humans are related to the alternating cycles of moistening and drying. Natural
fluctuations in soil moisture and reoxidation are an important environmental variable
directly influencing the metabolism of living microorganisms, which are strictly dependent
on the physical condition of the soil [16-21]. Microorganisms react differently to a specific
environmental factor, for example, soil water content or pH, which may be lethal for
some species and beneficial for the growth and development of other species [22-25]. It
is estimated that a few grams of soil may contain tens of thousands of different species of
bacteria [26].

Due to the necessity to care for the natural environment and sustainable circular econ-
omy, various types of wastes containing many valuable ingredients are used increasingly
often for fertilization of soils and crops [27]. Ashes from biomass combustion, which have
many nutrients beneficial to plants and can be used for cultivation, are this type of waste.
In addition, due to the high content of alkaline compounds, they reduce the acidity of soil,
which indirectly also increases its fertility. The use of ashes indirectly may also contribute
to improvement of the chemical and biological properties of soils, mainly by increasing
the pH value, especially in the case of acidic soils. Nevertheless, studies on the responses
of soil bacterial communities to the application of wood ash are sparse, and the available
results are inconclusive and remain at a general taxonomic level. Indirect measurements of
the effect of wood ash on soil bacteria indicate an increase in overall mineralization [28-31]
and decomposition [32-34]. The research conducted by Andreasen et al. [27] showed a
significant increase in the pH of forest soil and significant changes in the composition of
bacterial communities after applying high doses of ash. The present research aimed to
assess the effect of the addition of various amounts of ash from biomass combustion in two
types of soil on the number and species composition of soil bacteria in the conditions of a
field experiment under the cultivation of oilseed rape.

2. Materials and Methods

A one-factor field experiment was established using the randomized block method
(each block of approximately 162 m?) in triplicate. The tested variable factor was the applied
fertilizer dose with ash from biomass combustion (Salix viminalis L. willow). The obtained
results were compared with the control soil (without fertilization) and with soil where only
NPK mineral fertilization was applied. The field experiment was established on podzolic
and chernozem soils with the particle size distribution of silty loam (the division of the
soils into the granulometric subgroups was based on the recommendations of the United
States Department of Agriculture (USDA) [35] in autumn 2018 in Korzenica (Podkarpackie
Voivodeship), Jarostaw County, GPS coordinates: 500.02'16.3 N, 220.55'06.4 E). Winter
oilseed rape (Brassica napus L. var. Napus) cv. Mandril (Syngenta) was grown on these soils.
Biomass ash doses were balanced to the amount of potassium introduced into the soil. In
all experiment variants, constant mineral fertilization with nitrogen (81.3 kg N ha~!) and
phosphorus (34 kg P ha~!) was applied.

The experiment included the following variants:

- Control-—no K,O fertilization;
- NPK KO in mineral fertilizers (127 kg K,O ha™1);
- 100 kg K0 ha=! in ash (0.5 t ha~! of ash in bulk weight);
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- 200 kg KO ha !inash (1.0 tha ! of ash in bulk weight);
- 300 kg KO ha=!inash (1.5 t ha~! of ash in bulk weight);
- 400 kg KO ha~!in ash (2.0 t ha~! of ash in bulk weight);
- 500 kg K;0 ha=!in ash (2.5 t ha~! of ash in bulk weight).

The fertilization was applied before sowing. The doses and dates of application are
presented in Table 1.

Table 1. Fertilizers used in the two-field experiment on podzolic and chernozem soils in 2018-2021.

Amount of Pure Dose (kg/L per 1 ha) ..
Fertilizer—Trade Name Component in 100 kg of . Date of Application
the Fertilizer Fertilizer Pure Component
1.63% P (3.73 kg P), . . 30 August 2018
Biomass combustion ash 19.4% K (23.37 kg K), fo‘ég;iﬁgﬂ‘gg;;the 29 August 2019
4.96% Mg (8.222 kg Mg) P 25 August 2020
Monoammonium phosphate (MAP) 22.7kg P 150 34 30 August 2018 (all variants)
NH4H,POy4 (12%N-NHy, 52% P»0s, 22.7% P) - 29 August 2019 (all variants)
12kgN 18 25 August 2020 (all variants)
30 August 2018 (NPK variant only)
Potassium salt (60%) 60 kg K 175 105 29 August 2019 (NPK variant only)
28 August 2020 (NPK variant only)
4 March 2019
® .
RSM™ 32% I\i (atqugous.soql;‘;i O/f e 22kg N (32 x 1.32) 150 633 10 March 2020
urea-ammonium nitrate, density 1.32 kg/dcm?) 15 March 2021

The composition of biomass ash used in the experiment for fertilization of winter
oilseed rape on the podzolic and chernozem soils is presented in Table 2 [36].

Table 2. Composition of biomass ash used in the experiment for fertilization of winter oilseed rape
on the podzolic and chernozem soils.

pH H,O EC pS-cm~1 Ca (mgkg—1) K (mg kg1) Na (mg kg—1) P (mg kg—1)
12.82 8.81 145.081 129.617 1452 9244

The soil was sampled at a 0-5 cm depth in triplicate from the arable layer in April
and September 2021. The following physicochemical properties were determined in the
soil samples after drying and sieving through a 2-mm mesh diameter. Soil reaction was
measured with the potentiometric method using an HI-4221 pH meter (Hanna Instruments,
Nusfalau, Romania) at a soil-to-solution ratio of 1:2.5. Soil electrolytic conductivity (EC),
which is a measure of soil salinity, was determined with the conductometric method using
an HI-2316 EC meter (Hanna Instruments, Nusfalau, Romania) at a soil-to-solution ratio of
1:2.5. Soil moisture was measured with the gravimetric method after drying to constant
weight soil samples in Kopecki cylinders.

The impact of the biomass combustion ashes on the selected physicochemical proper-
ties of the podzolic and chernozem soils was analyzed using STATISTICA 13.3 software
(StatSoft, Tulsa, OK, USA). One-way analysis of variance (ANOVA) was performed using
the Tukey HSD multiple comparison test to identify homogeneous groups (p < 0.05).

2.1. Microbiological Analysis
2.1.1. Soil Preparation for Microbiological Analysis

The soil material (100 g each in triplicate) was collected into sterile bags at a depth of
0-5 cm of the experimental plots in April and September 2021. A collective 300-g sample
was prepared from each plot. In order to determine the number of colony-forming units,
PCA medium was prepared (BioMaxima SA, Lublin, Poland) according to the manufac-
turer’s instructions. This medium is used to determine the total amount of microorganisms.
One gram of soil was weighed from the pooled samples into sterile plastic test tubes,
supplemented with 9 mL of distilled water, and vortexed for 5 min (Ohaus, Néanikon,
Switzerland) at 1500 rpm. Serial dilutions of 10~2 and 103 were made and inoculated
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in a volume of 100 pL in previously prepared Petri dishes. The dishes were incubated at
30 °C for 48 h. The colonies were counted after the incubation period, and the number of
microorganisms in 1 g of soil was calculated.

2.1.2. Mass Spectrometry Identification of Isolates

The sample for the MALDI-TOF MS Biotyper analysis was prepared according to the
extraction procedure provided by the manufacturer (Bruker Daltonik, Bremen, Germany).
The bacterial colony was suspended in 300 puL of water (Sigma-Aldrich, St. Louis, MO,
USA) and 900 pL of absolute ethanol (Bruker Daltonik, Bremen, Germany), mixed ten times,
and centrifuged at 13,000 rpm for 2 min. The supernatant was rejected, and the pellets
were centrifuged several times. After removal of the supernatant, the pellets were mixed
with 10 pL of 70% formic acid (v/v) (Sigma-Aldrich, Saint Louis, MO, USA) and the same
volume of acetonitrile (Sigma-Aldrich, Saint Louis, MO, USA). The mixture was centrifuged
again and stained with 1 pL of the supernatant on a polished steel target plate and air-
dried at room temperature. Then, 1 uL of MALDI matrix (saturated solution of-cyano-4-
hydroxycinnamic acid, HCCA, Bruker Daltonik, Bremen, Germany) in 50% acetonitrile
and 2.5% trifluoroacetic acid (Sigma-Aldrich, Saint Louis, MO, USA) was applied to each
sample. The mass spectrometry results were generated automatically via the Microflex LT
MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen, Germany) working in a linearly
positive mode in the mass range of 2000-20,000 Da. The device was calibrated using the
Bruker bacterial standard. Spectrometric results were processed using MALDI Biotyper 3.0
software (Bruker Daltonik, Bremen, Germany). The following identification criteria were
used: a score of 2300 to 3000 indicated highly probable identification at the species level; a
score of 2000 to 2299 indicated safe genus identification with probable species identification;
and a score of 1700 to 1999 indicated probable identification at the genus level.

3. Results and Discussion

Table 3 shows the meteorological conditions recorded in 2020 and 2021 when the
samples were collected for the microbiological analysis during the experiment. The total
annual precipitation in 2020 was 51.6 mm, i.e., lower than in 2021. When the samples were
taken, the monthly rainfall was 49.4 mm in April and 85.8 mm in September (a value higher
by 36.4 mm). Low precipitation reduces soil moisture, which affects all soil organisms,
especially in its shallow layers.

Table 3. Data on weather conditions in 2020/2021 provided by the Meteorological Station of the
University of Rzeszow.

Temperature in °C Precipitation in mm
2020
Ten-Day Period Ten-Day Period
Month Mean Total
I II III I II III

I 0.5 2.3 1.4 1.4 3.9 0.1 79 11.8
I 2.7 47 4.0 3.8 23.7 8.2 21.5 53.3
I 5.3 7.2 2.9 5.1 15.0 29 2.0 19.8
v 7.9 8.5 11.2 9.2 0.0 47 5.3 10.0
\% 11.1 11.1 11.7 11.3 25.3 24.4 33.6 83.3
VI 15.9 19.0 195 18.1 20.2 22.6 120.0 162.9
VII 19.9 17.1 19.3 18.8 10.2 8.5 0.2 18.9
VI 20.2 19.5 20.1 19.9 0.2 0.1 7.0 7.3
IX 15.7 14.7 14.5 15.0 4.2 0.0 39.3 43.5
X 13.8 8.3 11.1 11.1 16.8 30.4 7.1 54.3
XI 12.9 8.5 10.6 10.6 17.5 29.8 8.1 55.4
XII 7.5 6.4 1.0 5.0 7.4 2.3 5.6 15.3

Total 535.8
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Table 3. Cont.

Temperature in °C Precipitation in mm
2020
Ten-Day Period Ten-Day Period
Month Mean Total
I II III I II III
2021

I 22 —44 1.2 -0.3 14.8 8.8 25.2 48.8
II —2.3 5.7 4.4 -1.2 31.3 14.9 1.9 48.1
I 2.2 1.9 5.4 3.2 7.2 1.8 8.5 17.5
v 5.4 6.4 7.7 6.5 8.2 36.4 4.8 494
\% 114 14.1 13.0 12.8 21.2 15.6 271 63.9
VI 15.7 18.6 22.2 18.8 9.0 6.8 315 47.3
viI 21.1 22.8 21.0 21.6 29.3 16.5 9.2 55.0
VIII 18.7 19.0 14.7 17.5 37.1 6.9 63.4 107.4
IX 13.3 14.0 11.9 13.1 5.6 61.6 18.6 85.8

X 10.1 7.8 9.5 9.1 0.9 1.1 0.5 2.5
XI 7.2 5.5 41 5.6 6.8 6.4 19.0 32.2
XII 0.2 1.2 -3.7 -0.8 7.6 8.5 13.5 29.6
Total 587.4

3.1. Soil pH

Soil pH is one of the most important parameters influencing soil fertility. All organisms
living in the soil react relatively quickly to a change in reaction, especially microorganisms,
including bacteria. Before the experiment was set up in September 2018, the pH of the
podzolic soil was 5.83, and the chernozem soil pH was 6.3 in the 0-5 cm layer. After
three years of the experiment and application of the biomass ash with a pH value of 12.82,
the pH of both soils increased by on average one unit (Figures 1 and 2). Changes in the
value of the reaction in the last year are presented in Figure 1. The soil pH in April in all
variants of the experiment was lower by one unit compared to September. Similar changes
also occurred in the chernozem soil, and its average reaction in September was higher by
one unit (Figure 2). The increase in the reaction caused by the application of the biomass
combustion ash was not significant in any variant. Nevertheless, even a one-unit increase
in pH can have an effect on soil microorganisms. Many authors [9,27] indicate deacidifying
properties of biomass ashes, and our experiment has shown that a high pH value of ashes
does not always correspond to their deacidification capacity. It can be assumed that such a
result is related to the high buffering capacity of the soil, weather conditions (rainfall), and
ash properties, e.g., its ability to bind with soil particles, water solubility, etc.
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IV mIX

Control NPK 100 200 300 400 500

Experiment variant

Figure 1. Changes in the pH of the podzolic soil in the 0-5 cm layer in IV (April) and IX (September)
2021 after the application of biomass combustion ashes (mean + SD). Treatments not sharing the
same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

ulvV mIX

9,0
8,0
7,0
6,0

< 5,0
200
3,0
2,0
1,0
0,0

Experiment variant

Figure 2. Changes in the pH of the chernozem soil in the 0-5 cm layer in IV (April) and IX (September)
2021 after the application of biomass combustion ashes (mean + SD). Treatments not sharing the
same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

3.2. Salinity

Mineral and organic fertilizers and ashes from biomass combustion applied into the
soil may cause soil salinity. Figures 3 and 4 show the changes in electrolytic conductivity
(EC) recorded from April to September, depending on the soil type. This is connected
with the properties of different soil types and the mobility and reaction of substances that
influence salinity. The EC value in the podzolic soil in April increased after the application
of the doses from 200 to 500 kg K;O ha~! of biomass ash. In turn, the EC measured in
September, in the upper soil level (0-5 cm) showed no significant differences between
the variants. The analysis of the results obtained from the chernozem variants (Figure 4)
showed the highest EC values in the NPK-fertilized variant and 200 kg K;O ha~! of biomass
ash applied in April, and the other variants did not differ significantly. In September, the
highest EC values were found in the variants fertilized with 100 and 200 kg K,O ha~!.
The EC values in the two different soil types presented in this experiment did not have an
adverse effect on the plants.



Agronomy 2022, 12, 576

7 of 17

IV mIX

100 200 300 400 500

Experiment variant

Figure 3. Changes in the salinity of the podzolic soil in the 0-5 cm layer in IV (April) and IX
(September) 2021 after the application of biomass combustion ashes (mean + SD). Treatments not
sharing the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

nIlv mIX

3500
3000

2 2500

§ 2000

Z 1500

¢ 1000 [

50.0
0.0

Control ~ NPK 100 200 300 400 500

Experiment variant

Figure 4. Changes in the salinity of the chernozem soil in the 0-5 cm layer in IV (April) and IX
(September) 2021 after the application of biomass combustion ashes (mean + SD). Treatments not
sharing the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

3.3. Soil Moisture

Soil moisture is closely related to the type of soil, i.e., its granulometric composition,
water retention, material conditions (rainfall and temperature), and agrotechnical proce-
dures. The analysis of the data on the weather conditions (Table 3) showed monthly rainfall
of 49.4 mm in April and 85.8 mm in September, i.e., an almost two-fold higher value, which
had a significant impact on the water content in the soil in the 0-5 cm layer. In September,
moisture in the podzolic soil almost doubled in all variants (Figure 5). The use of biomass
ash in the doses from 200 to 500 kg K»O ha~! resulted in a significant increase in moisture
content in the case of the podzolic soil. In the case of the chernozem soil in April, increased
water contents, which differed significantly, were recorded in variants fertilized with the
biomass ash. In turn, in September (Figure 6), the water content in the soil was similar in
all fertilization variants.
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IV X
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Figure 5. Changes in the moisture of the podzolic soil in IV (April) and IX (September) 2021 in the
0-5 cm layer after the application of biomass combustion ashes (mean £ SD). Treatments not sharing
the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

mlvV mIX

8 5 3

10

Soil moisture (%Vv/,)

Control ~ NPK 100 200 300 400 500

Experiment variant

Figure 6. Changes in the moisture of the chernozem soil in IV (April) and IX (September) 2021 in the
0-5 cm layer after the application of biomass combustion ashes (mean £ SD). Treatments not sharing
the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

3.4. Microorganisms

The activity and abundance of soil microorganisms is closely related to many factors
such as soil type, type of crops, temperature, pH, and soil moisture [37]. The field research
was carried out on two types of soil: podzolic and chernozem soil, where biomass ash was
used for fertilization in various doses. Based on the conducted microbiological analyses,
it was found that, in both examined soils (Figures 7 and 8), there was a visible growth of
microorganisms depending on the method and dose of fertilization. The control podzolic
and chernozem soil contained from 6.0 to 6.6 x 10* colony forming units/gram dry mass
(CFU/g d.m.) and from 6.2 to 7.2 x 10* CFU/g d.m., respectively. In turn, in the NPK-
fertilized variants, from 6.4 to 6.9 x 10* CFU/ g d.m. and from 7.5 t0 9.0 x 10* CFU/ gd.m.
were detected in the podzolic and chernozem soils, respectively. After the use of biomass
ash, the number of bacteria increased with the increasing doses, i.e., the bacterial counts
after the application of the dose of 500 kg K,O ha~—! were 22.2 x 10* CFU/g d.m. of soil in
April and 31.0 x 10* CFU/g d.m. of soil in September. The tendency of the increase in the
bacterial number depending on the ash dose in the chernozem soil was similar to that in
the podzolic soil. In the chernozem soil fertilized at the dose of 500 kgK,O ha~!, there were
19.0 x 10* CFU/g d.m. in April and 25.5 x 10* CFU/g d.m. of soil in September (Figure 8).
It can be concluded that the increasing doses of biomass ash had a positive effect on the
number of bacteria in both analyzed soils. Both soils exhibited differences in the number of
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bacteria related to the sampling time, i.e., April and September. This is probably related to
soil moisture. In September, the rainfall rate was higher by 36.4 mm than in April, which
resulted in higher soil moisture by an average of 10% in the podzolic soil and 20% in the
chernozem soil.

IV mIX
35

25
20 -
15

10 -

Tos]

== = 9.52

|
Control NPK 100 200 300 400 500

Experiment Variant

Total count of bacteria ( CFU x 10¥/g)

Figure 7. Differences in the number of bacteria (expressed in CFU x 10*/g of dry soil) in the podzolic
soil in the layer of 0-5 cm after the application of different doses of the ash fertilizer. Treatments not
sharing the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

IV mIX
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(=}
=
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Figure 8. Differences in the number of bacteria (expressed in CFU x 10*/g of dry soil) in the
chernozem soil in the layer of 0-5 cm after the application of different doses of the ash fertilizer.
Treatments not sharing the same letter(s) are statistically significant at p < 0.05 (Tukey’s HSD).

Due to its properties, ash can be an alternative fertilizer in agriculture, and its use as a
fertilizer leads to safe utilization and management of soil nutrients [38]. However, there
are no studies on its impact on microorganisms and their activity [39]. Bacteria in the soil
play a significant role in its fertilization through the degradation of organic matter and the
transformation of soil components. However, their quantity and effect are also influenced
by soil properties. The literature describes interactions between plant species, soil, and
microbial communities [40]. The type of soil was considered to be the determinant of the
composition of the microbial population in arable soils [41]. However, other authors [42]
have shown that, in the same soil type, different plant species influence the distribution of
the microbial population. In our experiment, the same plant, i.e., winter rape, was grown
on both soils to eliminate the influence of the factor of different plants.
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MALDI-TOF MS Biotyper is suitable for clinical isolates identification. In recent years,
MALDI-TOF MS Biotyper has been shown to be suitable for soil bacteria. In our work we
use the identification of bacteria isolated from the soil via mass spectrometry. To evaluate
bacterial species, we use our own database created on the basis of individual species of
bacteria isolated from the soil and subsequently identified using molecular methods [43].

A total of 44 species of bacteria were identified in the podzolic and chernozem soils.
They belonged to the genera Bacillus, Paenarthrobacter, Pseudarthrobacter, Pseudomonas,
and Rhodococcus (Table 4). The most frequently identified microorganism was Bacillus
megaterium, while Pseudomonas grimontii was the least common species. The podzolic soil
was characterized by a greater diversity of bacteria—5 genera were identified, compared
to the chernozem soil, where 3 genera were identified, i.e., Bacillus, Paenarthrobacter, and
Pseudomonas. However, the podzolic soil was characterized by a lower number of identified
microorganisms (27 strains) compared to the chernozem soil (37 strains). In both types of
soil, an increase in the number of identified microorganisms was noticed in the samples
collected in September compared to April. This may be associated with the higher soil
moisture, and such a relationship was highlighted by [44]. The control and NPK-fertilized
samples showed a low level of identification of microorganisms in relation to the plots
where the differentiated fertilization with biomass ash was applied. Most of the bacteria
were identified in the samples from the plots with the addition of ash and were not observed
for the control sample and standard NPK fertilization. The results presented by us prove
the positive effect of ash on the composition of the bacterial community. A similar effect
was found by Andreasen et al., in their research [27]. The highest number of identified
bacteria (25) was found in the podzolic soil samples in September fertilized with a dose of
500 kg K20 ha~! in ash. Compared to April, this was a two-fold increase (Table 4). Similar
results were obtained in the chernozem soil, i.e., a significant increase in the determined
bacterial strains in September (22) compared with April (16), at the dose of 500 kg K,O ha~!
in ash. The total number of microorganisms measured in soils stimulated with the biomass
combustion ash in all tested samples was higher compared to the control sample and the
NPK-fertilized soil. The autumn test with the ash dose of 500 kg K,O ha~! applied in the
podzolic soil showed the most significant increase in the number of microorganisms. The
increase in the number of bacteria after the application of ash was also reported in the
literature [33,45,46]. The higher count of bacteria in the samples collected in September
is related to the higher soil moisture [44,47]. The number of soil microorganisms is most
likely caused by the presence of rapidly growing copiotrophs in favorable conditions, such
as soil fed with ash [27]. The better growth of this group of bacteria after the use of biomass
combustion ash is probably associated with the increased availability of nutrients. Ash
contains many ingredients, and some of them have a nourishing effect on soil bacteria.
However, it can cause changes in the soil system, which in turn leads to the lysis of
microorganisms, thanks to which easily digestible nutrients are released. The pH of the
soil also influences the bioavailability of nutrients in the soil and improves the conditions
favorable for bacteria [48].

Soil bacteria play an important role in biogeochemical cycles and plant production.
The interactions of bacteria with plants in the rhizosphere are reflected in plant health and
soil fertility. The relationship of plant growth-promoting rhizobacteria (PGPR) with plants
is complex and interdependent and includes not only two partners but also other biotic
and abiotic factors in the rhizosphere [49].

Plant growth-promoting bacteria are free-living soil bacteria that can directly or in-
directly facilitate rooting [50] and plant growth [51]. Over the past years, the number of
identified PGPR has increased due to the increased importance of the role of the rhizosphere
as an ecological unit in the functioning of the biosphere and the deeper understanding of
the mechanisms of action of PGPRs.
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Table 4. List of bacterial species identified using MALDI-TOF MS in the podzolic and chernozem soils under winter rape cultivation in April and September
2021. Control (without fertilization), NPK K,O in mineral fertilizers, 100-100 kg K,O ha~? in ash, 200-200 kg K,O ha~! in ash, 300-300 kg K,O ha~!in ash,
400-400 kg K,O ha~! in ash, 500-500 kg K,O ha~! in ash.

Podzolic Soil Chernozem Soil
Taxa v X v X
Control NPK 100 200 300 400 500 Control NPK 100 200 300 400 500 Control NPK 100 200 300 400 500 Control NPK 100 200 300 400 500
Bacillus cereus + + + + + + + + + + + + + + + + + + +
Bacillus cytotoxicus + +
Bacillus megaterium + + + + + + + + + + + + + + + + + + + +
Bacillus mycoides + + + + + + + + + + + + + +
Bacillus
+ + + + + +
pseudomycoides
Bacillus simplex + + + +
Bacillus
. . + + + + +
thuringiensis
Bacillus
+ + + + + + + + + + + +
weihenstephanensis
Paenarthrobacter
+ + + + +
aurescens
Paenarthrobacter . . . . .
histidinolovorans
Paenarthrobacter
. + + + +
ilicis
Paenarthrobacter
S + + +
nicotinovorans
Pseudarthrobacter
. + + +
chlorophenolicus
Pseudarthrobacter
+ + + + + + +
oxydans
Pseudarthrobacter
+ + +
polychromogenes
Pseudomonas agarici + + +
Pseudomonas
. + + + +
antarctica
Pseudomonas
+ +
azotoformans
Pseudomonas
. + + + + + + + + + + +
brassicacearum
Pseudomonas
. + +
brenneri
Pseudomonas cedrina
N + +
ssp. cedrina
Pseudomonas
+ + + +

chlororaphis

Pseudomonas

chlororaphis ssp. + + + + + + + + + + + +
aurantiaca
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Table 4. Cont.

Podzolic Soil

Chernozem Soil

Taxa

Control

NPK 100 200

500 Control NPK

100

200

300

400

500

Control

NPK

100

200 300

400

500

100

300

400

500

Pseudomonas
chlororaphi
chlororaphis

Pseudomonas
corrugata

Pseudomonas
extremorientalis

Pseudomonas
fluorescens

Pseudomonas
frederiksbergensis

Pseudomonas
grimontii

Pseudomonas
graminis

Pseudomonas
gessardii

Pseudomonas jessenii

Pseudomonas
kilonensis

Pseudomonas
libanensis

Pseudomonas
migulae

Pseudomonas
oleovorans

Pseudomonas poae

Pseudomonas
protegens

Pseudomonas putida

Pseudomonas
rhodesiae

Pseudomonas
thivervalensis

Pseudomonas
trivialis

Pseudomonas
vancouverensis

Pseudomonas veronii

Rhodococcus
globerulus

Total 1

13 0 2

12

16

20

20

22
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PGPR are classified as bacteria that have a positive effect on the plant. Through
competition with existing bacterial communities in the rhizosphere, PGPR are a tool of
sustainable agriculture and a trend for the future. These bacteria belong to the genera Ace-
tobacter, Acinetobacter, Alcaligenes, Arthrobacter, Azoarcus, Azospirillum, Azotobacter, Bacillus,
Beijerinckia, Burkholderia, Derxia, Enterobacter, Gluconacetobacter, Herbaspirillum, Klebsiella,
Ochrobactrum, Pantoae, Paenarthrobacter, Pseudarthrobacter, Pseudomonas, Rhodococcus, Serratia,
Stenotrophomonas, and Zoogloea and have been the subject of extensive research over the
years [52,53].

One of the mechanisms by which bacteria are adsorbed on soil particles is simple
ion exchange, and soil is said to be naturally fertile when soil organisms release inorganic
nutrients from organic reserves at a rate sufficient to sustain rapid plant growth.

The most frequently identified group of bacteria was Pseudomonas, which arouses
great interest among scientists studying sustainable agriculture, as these bacteria are shown
to contribute to plant growth and induced systemic resistance (ISR) as a result of various
activities, such as inhibition of plant diseases, better absorption of nutrients, or production
of phytohormones. Pseudomonas is an aerobic, Gram-negative representative of Gammapro-
teobacteria from the family Pseudomonadaceae containing about 191 diverse species. Through
its metabolic versatility and plasticity to genetic changes, this group is ubiquitous in the
soil ecosystem. It is used as a bio-identifier, i.e., plant growth control, and as a means of
biological control (protection against diseases) [54-57]. Pseudomonas bacteria are involved in
solubilization of inorganic phosphorus [58], production of iron-chelating siderophores [59],
and modulation of phytohormone levels [60]. They also have antifungal properties [61]
and can produce antibiotics [62].

Another equally large group identified in our study was Bacillus. It produces resistant
spores and can secrete metabolites that stimulate plant growth and prevent pathogenic
infections [63]. Microbes of this genus inhabit the rhizosphere and lead to improved
tolerance to abiotic and biotic stress through the production of specific hormones [64].
Bacillus spp. are also capable of producing exopolysaccharides and siderophores, which
inhibit the flow of toxic ions and help maintain ionic balance, promote water movement in
plant tissues, and inhibit the growth of pathogenic microorganisms [63].

Equally interesting are the bacteria of the genera Paenarthrobacter and Pseudarthrobacter
found in our soils, which until 2016 were classified as Arthrobacter species [65]. These
bacteria can use inorganic and organic compounds as a substrate for metabolism, thus
leading to bioremediation activity, i.e., removal of impurities from the soil and ground-
water through living microorganisms inhabiting mainly the rhizosphere zone [66]. Many
strains from this group have a beneficial effect on the growth and yield of plants. They
protect plants against abiotic stress, such as high salinity and drought [67]. An important
feature of this group of bacteria is the possibility of biodegradation of atrazine, which is
indicated by numerous studies [68-71], simazine [72], chromium [73], and polychlorinated
biphenyls [74,75]. Joshi et al. [76] found that they are capable of degrading hydrocarbons,
herbicides, and pesticides, reducing iron uptake, and phenylacetic acid degradation.

Only one strain from this group of bacteria was identified, namely Rhodococcus globeru-
Ius, which can prevent pathogenic infection in plants and has probiotic properties [77]. It
has the ability to remove oil associated with contaminated soils [78].

4. Conclusions

Soil bacteria play important functions in soil ecosystems. However, the effects of ash
on soil microbiota have been poorly explored. The field tests carried out in 2021 on two
different types of soils with the use of different doses of biomass ash showed a significant
effect of the ash on the presence of bacteria. Forty-four taxa were identified. However,
in addition to fertilization, the soil moisture pH is a determining factor. Many environ-
mental factors can also influence the diversity of soil microorganisms. The application
of fertilization with ash with a pH of 12.83 + 0.68 did not cause a significant increase in
the pH of the tested soils. In addition, despite the increase in the mean EC values caused
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by the NPK fertilization and ash, compared to the control, the salt concentration in the
soil solution was within the range tolerated by all plant species. The application of the
increasing doses of biomass ash did not increase the salinity of the soil. Soil bacteria are one
of the most important elements improving soil fertility. However, not much is known about
the ecological preferences of bacteria, especially those beneficial for plant development and
related to the degradation of various substances in the soil. There are also few studies on
the impact of using ash from biomass combustion or other ash on microorganisms, i.e., soil
bacteria. More research on the effect of fertilization, the physical and chemical properties
of the soil, and the plants themselves on soil bacteria is needed.
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