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Abstract: Excessive tillage and chemical fertilization are the primary attributes of con-
ventional farming and the main causes of soil degradation. This research focused on the
comparative study of two tillage systems: conventional (CT) and no-tillage (NT), as well
as on the effect of chemical fertilizers and different Bacillus megaterium var. phosphaticum
inoculum rates (75, 100 and 125%) on soil properties. This short-term experiment was
conducted under field conditions in Northeastern Romania from 2023 to 2024. Soil dehy-
drogenase, catalase, acid, and alkaline phosphatase activities, pH, organic carbon content
(SOCQ), total nitrogen (TN), total phosphorus, and available phosphorus (TP and AP) were
determined. Bacillus treatments generally inhibited soil enzyme activity by 0.35 to 57%,
depending on the enzyme type. Under NT, activity increased by up to 59% for dehydro-
genase, 43% for acid phosphatase, and 70% for alkaline phosphatase compared to the CT
system. An opposite trend was found for catalase, along with a negative correlation with
the other enzymes. There were positive differences in TP concentration at 125% Ecofer-
til + N in both CT (0.0577 ppm) and NT (0.0578 ppm) in 2023 compared to the control
(0.0346-0.0374 ppm). In the same year, after the first inoculation, AP increased significantly
with bacterial treatments in CT, from 32.34% (TO0) to 47.94% (T4), and at crop harvest in NT
in 2024, from 34.18% (T0) to 91.06% (T3). The results suggest that enzymatic activities and
soil chemical properties were more influenced by soil management than the interaction
between inoculated bacteria and chemical fertilizers.

Keywords: soil quality; biofertilizers; no-tillage; dehydrogenase; catalase; phosphatases;
soil organic carbon

1. Introduction

The importance of soil as the basis of life on Earth makes it interesting both in terms
of quality, with an influence on living conditions, and fertility, in terms of food supply.
Soil quality reflects the potential of a given soil to function and to maintain biological
productivity, sustain water and air quality, and to protect human health [1,2]. Soil fertility
is the capacity to provide an optimal environment for plant growth and development as a
result of soil chemical, physical, and biological processes [3]. Appropriate soil management
can protect and/or improve these soil attributes [4], but this requires adequate optimization
of farming practices according to soil and climate specificity, the crops grown, and their
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implementation with the least possible negative impact on the ecosystem. Although
conventional tillage (CT) provides the optimal environment for the development of the
plant root system and the balanced distribution of nutrients in the soil profile, its long-term
practice has been shown to have adverse effects on soil properties [5]. Thus, the need for
conservative practices is increasing, as they create favorable conditions for plant growth
in terms of physical characteristics (water stable aggregates, porosity) [6—8], soil organic
carbon (SOC) storage capacity, and promoting key macronutrient availability (N, P, K) [5,9].
Due to the absence of disturbance and residues retained on the soil surface, the no-tillage
system (NT) has the potential to conserve soil and store water [10], promote diversity
and activity of microbiota [11], increase organic matter content [12], stimulate enzymatic
activities [13], and improve nutrient status [14].

Regardless of soil management, increasing amounts of chemical fertilizers have many
negative consequences, threatening the environment and human health. Therefore, re-
searchers have proposed the appropriate utilization of genetic resources and soil func-
tions, which means, among other actions, isolating and inoculating beneficial microor-
ganisms [15,16]. Biofertilizers contain microbial strains capable of fixing, solubilizing
nutrients, or producing compounds such as amino acids, hormones [17], stress enzymes,
exopolysaccharides, and siderophores [18], promoting crop performance.

Phosphorus (P) is an essential nutrient for plant viability, and its uptake from the
soil can be promoted by microbial inoculation. P is involved in the mechanisms of pho-
tosynthesis, respiration, and protein and complex carbohydrate biosynthesis, it plays a
major role in the composition of nucleic acids [19,20], and it regulates the physiological
response of plants to stress [21]. P is widely distributed in the lithosphere, but the inorganic
orthophosphate (Pi) needed by plants is largely insoluble, and the rate of diffusion in soil is
very low [22]. Microbial communities are responsible for the availability of an important
fraction of soil P. Isolation and utilization of phosphate-solubilizing bacteria (PSB) can
provide the absorbed form to plants, allowing for efficient use of applied mineral fertilizers
and soil P stocks [23,24]. This group of microorganisms contains numerous genera that
are currently being studied and used as biofertilizers [20]. Many Bacillus species have
been studied over the years due to their adaptability to different climatic and pedological
conditions [25] and their mechanisms of P solubilization and mobilization, such as organic
acid secretion [26,27] or enzymatic hydrolysis [28,29].

Chemical indicators are used to assess their ability to provide a favorable environment
for plant growth. Of these, pH, SOC, P, and N content are often used because of their
important role in soil processes, plant nutrition, and support of microbial populations [30].

Enzymes are natural mediators and catalysts in many key processes, such as soil or-
ganic matter (SOM) decomposition and the flow of nutrients involved in plant life cycles (N,
C, B, K) [4]. Microbiota and plant roots are the main sources of enzymes, and their activity
depends on environmental conditions and agricultural management [31]. Soil enzymatic
activity is a much more sensitive tool for detecting soil changes than chemical and physical
properties [32], and it is one of the components of soil quality. The connection between NT
and soil enzyme activity has been described in several studies, which suggests that NT can
increase enzymatic activity due to reduced soil disturbance, improved aggregation, and
moisture retention [33,34]. Bieliriska and Mocek-Ptéciniak [34] emphasize that CT nega-
tively affects soil enzymes, leading to a decrease in their activity (dehydrogenases, acid and
alkaline phosphatases, proteases). The explanation for this phenomenon is that this practice
often disrupts SOM and soil structure, resulting in decreased microbial activity, which is
essential for enzyme activity and nutrient cycling in the soil [35]. Mijangos et al. [36] found,
in general, higher activity for a group of enzymes, including (3-dehydrogenase, in conserva-
tive plots versus CT, although the differences were not significant in all cases. On the other
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hand, Seifert et al. [37] found that the CT system, due to a high aeration level of the tilled
soil, enhanced the SOM oxidation and increased soil microbial and enzymatic activity.

The aim of our research was to contribute to the understanding of the effects of
implementing conservative systems and applying biofertilizers on selected soil enzymatic
activities and chemical properties. Although numerous studies have been conducted on the
effects of microbial inoculation on soil properties, previous results are often contradictory
and do not clearly reflect their influence. The large-scale expansion of conservative tillage
systems requires investigation of their influence under different soil and climatic conditions,
as well as their interaction with other efficient technologies in crop nutrition and production.
We hypothesized that bacterial treatments would stimulate soil enzymatic activity and
induce positive changes in chemical parameters, especially in P solubilization. Another
hypothesis was that the NT system would improve soil properties, both biochemical
and chemical.

2. Materials and Methods
2.1. Experimental Site and Field Experiment Design

The experiment was conducted in 2023-2024 in Northeastern Romania (Figure 1)
(latitude: 47°7'24.6" N, longitude: 27°30'59.76" E) at the Ezareni Student Research and
Practice Station of the Iasi University of Life Sciences (IULS). For the preceding 10 years,
the experimental field had been cultivated in a crop rotation with winter wheat, maize,
sunflower, and winter peas, both in conventional (CT) and conservation tillage-no-tillage
(NT) systems. The experimental field has a 3% slope with NE exposition at an elevation of

136 m above sea level.

Figure 1. The geographic location of the research plot on a map of Europe and the layout of the
experimental area.

Long-term weather reports for the study area placed it in a temperate-continental
climate [6], with average temperatures of 12.2-12.4 °C and annual rainfall of 460—465 mm
in 2023 and 2024, respectively. Data collected from the IULS weather station at www.
fieldclimate.com (accessed on 12 March 2025) [38] showed, from sowing to harvest of the
studied crop, average temperatures of 20.94 °C in 2023 and 20.42 °C in 2024, as well as


www.fieldclimate.com
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rainfall of 209.40 mm in 2023 and 207.20 mm in 2024 (Figure 2). The rainfall distribution
was more balanced in the second year of the experiment, ensuring optimal moisture for
both crop plants and soil biota.
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Figure 2. Temperature and rainfall distribution during the sunflower cropping period
(www.fieldclimate.com accessed on 12 March 2025).

According to WRB classification, the soil is a cambic chernozem, with a clay—loam
texture and slightly acidic pH. Soil type identification and texture characterization were
carried out when implementing the two tillage systems. Given that this study was con-
ducted with a crop rotation, with crops cultivated on a different plot each year, soil bulk
density and chemical analyses of the experimental field were carried out annually to better
highlight the changes resulting from inoculation with Bacillus megaterium var. phosphaticum
(Table 1). Soil bulk density was obtained as described by Mihu et al. [7], and the chemical
properties were determined using the sampling and analytical methods presented in this
paper. These determinations were performed for the entire plot on which the experiment
was to be conducted.

In the autumn, after harvesting the previous crop in the rotation (maize), the soil
was plowed to a depth of 25-30 cm in the CT plot, incorporating plant residues. In early
spring, the seedbed was prepared via a single pass at a depth of 8-10 cm. In NT, the plant
debris from the previous crop were retained at the soil surface, and sowing was carried out
directly with the seed drill FABIMAG FG-01, without any prior tillage. The selected crop
for research was sunflower (Helianthus annuus L.), and the hybrid P 64 LE 99 was sown in
both tillage systems at a density of 58,500 seeds ha~!.
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Table 1. Some of the main physical-chemical soil properties.
Tillage System CT NT
Experimental Year 2023 2024 2023 2024
Bulk density (g/cm?) 1.29 1.23 1.44 1.35
pH 5.79 5.80 5.95 5.87
Organic C 1.69 1.63 2.63 2.38
Total N (%) 0.148 0.145 0.229 0.207
Total P (%) 0.0312 0.0358 0.0389 0.0339
Available P (ppm) 58.37 29.06 69.83 58.56
Soil Type Cambic Chernozem
Texture Clay-Loam

CT: conventional tillage; NT: no-tillage.

In each tillage system, the experiment was conducted on 240 m?, each treatment
covering 48 m? (3 m x 16 m), with three replications (Figure 1). The entire experimental
area was fertilized with NPK, including the control (TO0). Ecofertil with bacterial strains was
applied twice, in four different treatments (T1, T2, T3, T4) at rates of 75, 100, and 125% with
or without N fertilizer. Ecofertil is a commercial product containing Bacillus megaterium var.
phosphaticum, counting 1 x 10'° colony-forming units per milliliter, in liquid suspension,
manufactured and provided by Antbiotice S.A. Iasi, Romania. It is packed in 5 L containers
and has a shelf life of six months from the date of manufacture. Details of the fertilization
treatments are presented in Table 2.

Table 2. Fertilization treatment concentrations, rates, and timing.

Initial Fertilization Second Fertilization
Fertilizer 05 May 2023 and 11 April 2024 20 June 2023 and 26 May 2024
Treatments " N\ipi¢ 20:10:5 Ecofertil (1 x 10" CFU) Corona N

(240 kg ha-1) (15L ha1year 1) (Bkgha1)

T0-control + - - -

T1 + 100% 100% -

T2 + 75% 75% +

T3 + 100% 100% +

T4 + 125% 125% +

+: fertilizer has been applied in the treatment, — fertilizer was not applied in the treatment; CFU: colony-forming
unit; NPK: 20% N, 10% P,0s, 5% K,O; Corona N: 21% N; CT: conventional tillage; NT: no-tillage; TO: control;
T1: 100% Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.

2.2. Soil Sampling

To assess enzymatic activities, after the crop harvest, five soil samples of 1.5 kg from
each treatment were randomly collected at a depth of 0-25 cm in plastic bags. Samples
were air-dried, sieved through a 2 mm mesh sieve, and stored at 4 °C. Catalase and
dehydrogenase were assayed within the first two weeks after soil sampling. Air drying of
samples leads to a stabilization of enzymatic activity and can better reflect the direction of
change when different soil management practices are introduced [39].

Soil sampling for chemical analysis followed two stages: first at 45 days after sowing
(DAS), between the two biofertilizer treatments, when plants were in vegetative phase V6,
and a second stage at crop harvest. The samples were randomly collected from 20 points in
the 0-15 cm soil layer and mixed in a 0.5 kg composite sample for each experimental plot.
After transfer to the laboratory, the soil was conditioned by air-drying, removal of plant
residues, sieving, and storage until the assay. All soil samples were processed in triplicate.
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2.3. Soil Analysis

The dehydrogenase assay was conducted according to Casida et al. [40] and Furtak and
Gajda [41] by incubating 1 g of soil for 24 h at 37 °C. 2,3, 5-triphenyl-tetrazolium chloride
(TTC) 3%, distilled water, and methanol were used for this analysis. The measurement
of released 1,3,5-triphenylformazan (TPF) was carried out with the HELIOS EPSILON
(Thermo SCIENTIFIC) spectrophotometer at 485 nm, and the calibration curve equation
was used to calculate the results, expressed as ug TPF g~ h~1.

Catalase activity analysis was performed using the permanganometric titration
method [42] using 2 g of soil, distilled water, 0.3% HO,, 1.5 mol/L H,SO4, and
0.02 mol/L KMnOy for titration. The results were expressed as umol H,O, g’1 h—1.

Acid and alkaline phosphatases were measured by the determination of p-nitrophenol
released after incubation for 1 h at 37 °C. For incubation, 1 g of soil was used, to which
toluene, modified universal buffer (MUB), and the substrate p-nitrophenyl phosphate were
added. For acid phosphatase analysis, the MUB was adjusted to pH 11, and for alkaline
phosphatase, it was adjusted to pH 6.5. Spectrophotometric quantification was performed
at an optical density of 420 nm. Results were calculated from the calibration curve equations
and expressed as g p-nitrophenol g~ h~1 [43-45].

Soil enzymatic activity was also evaluated based on the geometric mean (GME) of the
studied enzymes according to the following equation [46]:

GME = {/catalase x dehydrogenase x acid phosphatase x alkaline phosphatase (1)

Soil chemical analyses were performed according to standardized methodology. De-
termination of pH values was carried out using the potentiometric method in aqueous
suspension at a ratio mgg:Vwater = 1:2.5 and a pH meter. The modified Walkley-Black
titrimetric method was used to determine the soil organic carbon (SOC) content. The
Kjeldahl method was applied to assess the total nitrogen (TN) [6]. For total phosphorus
(TP) analysis, soil samples were digested with a mixture of HySO,4 and HCIO4 (ISO 7184/14-
79, Romanian Association for Standardization) [47]. TP and available phosphorus (AP)
were measured using the molybdenum blue colorimetric method [48], with ascorbic acid
reduction for AP to which stannous chloride was added for TP. The spectrophotometric
quantification was performed with a Specord Plus UV-Vis at 715 nm for AP [49] and at
660 nm for TP.

2.4. Statistical Data Processing

The datasets collected were analyzed to estimate the effect of tillage systems and
fertilization on the soil properties considered. SPSS Statistics 20 software was used to
perform analysis of variance (ANOVA) for individual factors (year, tillage system, and
fertilizer treatments), followed by Tukey’s post hoc test for indicators with significance of
p < 0.05. For factors interactions, a two-way ANOVA was performed. The relationship
of enzymes to each other and to GME, as well as the relationships between soil chemical
properties, were evaluated based on the Pearson correlation. The figures were generated in
Excel and OriginPro 8.1. based on the means and standard errors (SEs).

3. Results
3.1. Soil Enzymatic Activity
3.1.1. Dehydrogenase Activity

The mean, minimum, and maximum values of dehydrogenase activity are presented
in Table 3. Fluctuation in the results suggests the influence of fertilization as well as tillage
systems on the soil microbiome and, consequently, on dehydrogenase activity. In the NT
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system, the amplitude between maximum and minimum values was larger (0.54-2.39)
compared to the CT (0.16-0.95), where the activity seemed to be more uniform. In both
growing seasons, the mean values were higher in the NT system than in the CT system,
reflecting a higher natural microbial population density. In the CT system, T3 (2023) and
T1 (2024) were higher than the control, but with insignificant differences of 0.04 and
0.02 ug TPF g~! h™!, respectively. The trend in mean dehydrogenase activity was
T3 > TO > T4 > T1 > T2 in the first year, and T1 > TO > T4 > T2 > T3 in the second
year. In NT, T1 and T2 significantly outperformed the control in 2023, but all Bacillus
megaterium var. phosphaticum treatments were antagonistic for dehydrogenase in 2024, with
the control measuring 33-57% higher activity.

Table 3. Dehydrogenase activity under different tillage practices and PSB inoculation rates in

2023-2024.
Enzyme (E;I{}I’gﬂg)g_in;iﬁ)
Tillage System CT NT
Year Treatment Mean Min. Max. Mean Min. Max.
TO 0.94+0.03aB 0.74 1.15 1.05 £ 0.07 c A 0.75 1.56
T1 0.78 + 0.03b B 0.58 1.03 1294+ 021b A 0.40 2.79
2023 T2 0.67 +0.27 ¢ B 0.51 0.84 1.46 + 0.05a A 1.06 1.70
T3 0.98 + 0.03 a ns 0.80 1.19 0.92 + 0.05d ns 0.56 1.13
T4 0.824+0.03bB 0.64 1.05 1.00 + 0.04 cd A 0.75 1.29
TO 0.82 4+ 0.07 ab B 0.51 1.46 203+016aA 1.13 3.18
T1 0.84 + 0.04 ans 0.67 1.40 0.87 + 0.04 d ns 0.64 1.22
2024 T2 0.71 £ 0.05cd B 0.41 1.09 1.13+£0.09c A 0.78 1.63
T3 0.70 £ 0.02d B 0.59 0.84 1.06 + 0.07 c A 0.68 1.50
T4 0.73 4+ 0.01 bed B 0.65 0.81 1.34 + 0.08b A 0.98 1.96

Results represent mean values & SE: standard error (n = 3); different lower-case letters mean that within the
same tillage system in the same year, there are significant differences (p < 0.05) between fertilization treatments;
different upper-case letters mean that within the same fertilization treatment in the same year, there are significant
differences (p < 0.05) between tillage systems. ns: not significant; Min. and Max.: minimum and maximum
individual values; CT: conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + N;
T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.

3.1.2. Catalase Activity

Investigations over two years reported catalase activity ranging from 1.19 to
2.32 umol H,O, g’1 h~! (Table 4). The results exhibited variability between both fer-
tilization treatments and tillage practices, with fluctuations between the minimum and
maximum highlighting a more stable and intense activity in the CT system. There were
also some large fluctuations in PSB treatments that could signal an unbalanced biofertilizer
distribution and heterogeneous activity in the soil. In the CT system, catalase showed a
significant increase in PSB treatments in 2023 and also in 2024 with the exception of T1.
Across the Bacillus megaterium var. phosphaticum treatments, the mixture of 100% PSB with
N (T3) reached the greatest values, followed by 75% and 125% PSB + N (T2 and T4). For
the NT system, inoculations of 125% PSB + N (2023) and 100% PSB (2024) resulted in the
most intense activity.
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Table 4. Catalase activity under different tillage practices and PSB inoculation rates in 2023-2024.

Enzyme ( Catalasei .
umol HO, g=1h—1)
Tillage System CT NT
Year Treatment Mean Min. Max. Mean Min. Max.
TO 1.43 £ 0.05d ns 1.21 1.79 1.38 £ 0.07bns 1.00 1.75
T1 150 £0.09c A 1.17 217 119 £0.08eB 0.83 1.67
2023 T2 156 £ 0.15b A 0.46 2.12 1.34+0.04cB 1.13 1.63
T3 191 £0.10a A 1.33 2.54 123 +£0.05dB 0.88 1.42
T4 1.89 £0.08a A 1.63 2.50 153 £0.03aB 1.33 1.75
TO 2.06 £0.05c A 1.77 2.40 121 +0.06d B 0.94 1.62
T1 194+ 0.06d A 1.68 231 1.89 £0.05aB 1.66 2.13
2024 T2 217 +£0.07b A 1.81 248 1.56 4 0.08 ¢ B 1.15 1.96
T3 232+£004a A 2.06 2.53 158 £0.10cB 0.88 2.15
T4 216 £0.04b A 1.94 2.40 1.76 £0.09b B 1.18 2.10
Results represent mean values = SE: standard error (1 = 3); different lower-case letters mean that within the
same tillage system in the same year, there are significant differences (p < 0.05) between fertilization treatments;
different upper-case letters mean that within the same fertilization treatment in the same year, there are significant
differences (p < 0.05) between tillage systems. ns: not significant; Min. and Max.: minimum and maximum
individual values; CT: conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + N;
T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.
3.1.3. Acid Phosphatase Activity
Overall, the NT showed significantly higher acid phosphatase activity than the CT
system (Table 5). This enzyme exhibited grater variability under NT (0.40-1.01 pg p-
nitrophenol g~! h~!) compared to the CT system (0.12-0.37 pg p-nitrophenol g ! h=!) in
both years. In 2023, CT treatments with Bacillus megaterium were significantly lower than
the control, following the order T3 > T1 > T2 > T4. However, in the second year, only T3
decreased (1.06 pug p-nitrophenol g~! h=!) compared to the control (1.10 jg p-nitrophenol
g~ ' h™1). In the NT system, significantly higher values were recorded for 100% PSB without
N, with all other treatments showing no statistically significant differences, while in 2024,
the control outperformed the biological treatments, with 100% PSB + N resulting in greater
activity among them.
Table 5. Acid phosphatase activity under different tillage practices and PSB inoculation rates in
2023-2024.
Enzyme Aci-d Phosphatafe B
(ug p-Nitrophenol g1 h—1)
Tillage System CT NT
Year Treatment Mean Min. Max. Mean Min. Max.
TO 1.12+0.02aB 0.97 1.24 1.21+0.03b A 0.98 1.38
T1 1.01 £0.02¢cB 0.84 1.12 152 £0.05a A 1.15 1.78
2023 T2 0.93 £0.03d B 0.69 1.06 1.22£0.04b A 0.99 1.49
T3 1.07£0.02b B 0.95 1.20 122 +0.04b A 0.99 1.52
T4 090+0.01dB 0.78 0.98 1.20£0.05b A 0.95 1.47
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Table 5. Cont.

Enzyme Aci‘d Phosphata_se )
(ug p-Nitrophenol g—1 h—1)
Tillage System CT NT
Year Treatment Mean Min. Max. Mean Min. Max.
TO 1.10£0.01cB 1.04 1.16 1.96 £0.05a A 1.69 240
T1 117 £0.02bB 1.03 1.34 149 £0.05d A 1.28 1.81
2024 T2 1.13 £ 0.01 bc B 1.03 1.22 1.64 £0.04c A 1.31 1.83
T3 1.06 = 0.03d B 0.91 1.19 1.84 +0.08b A 1.27 2.28
T4 127+ 0.01aB 1.19 1.36 1.61 +0.04cA 1.37 1.88
Results represent mean values + SE: standard error (1 = 3); different lower-case letters mean that within the
same tillage system in the same year, there are significant differences (p < 0.05) between fertilization treatments;
different upper-case letters mean that within the same fertilization treatment in the same year, there are significant
differences (p < 0.05) between tillage systems. Min. and Max.: minimum and maximum individual values; CT:
conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N;
T4: 125% Ecofertil + N.
3.1.4. Alkaline Phosphatase Activity
Similar to acid phosphatase, alkaline phosphatase expressed more intense activity in
NT (0.30~0.60 pg p-nitrophenol g ! h~!) than in the CT system (0.14-0.19 pg p-nitrophenol
g’l h~!) (Table 6). From year to year in the CT system, mean alkaline phosphatase
values were quite close, ranging between 0.14 and 0.19 pg p-nitrophenol g~ h~!. In both
experimental years, T3 reached maximum activity, but close to T4 (2023) and to the control
and T1 (2024). Under NT, T2 stands out in 2023, while in 2024, the control significantly
exceeds the PSB treatments.
Table 6. Alkaline phosphatase activity under different tillage practices and PSB inoculation rates in
2023-2024.
Enzyme Alka!ine Phospha_tase_
(ug p-Nitrophenol g—1 h—1)
Tillage System CT NT
Year Treatment Mean Min. Max. Mean Min. Max.
TO 0.16 = 0.01 bc B 0.11 0.21 0.46 = 0.03b A 0.31 0.62
T1 0.18+£0.01aB 0.13 0.24 052+004a A 0.32 0.77
2023 T2 0.16 £ 0.01 bc B 0.09 0.23 0.33 £0.02c A 0.23 0.43
T3 0.14£0.01cB 0.09 0.22 045+ 0.02b A 0.36 0.59
T4 0.17 £ 0.01 ab B 0.10 0.24 034+ 001cA 0.28 0.43
TO 0.18 =0.004 a B 0.14 0.20 0.60 £0.04a A 0.42 0.84
T1 0.19+0.01aB 0.14 0.24 030+ 0.01e A 0.23 0.38
2024 T2 0.15+0.004b B 0.13 0.18 045+0.04b A 0.31 0.68
T3 0.18 £0.005a B 0.16 0.22 038 £0.03c A 0.23 0.65
T4 0.16 + 0.002b B 0.14 0.17 0.36 +0.03d A 0.26 0.60

Results represent mean values & SE: standard error (n = 3); different lower-case letters mean that within the
same tillage system in the same year, there are significant differences (p < 0.05) between fertilization treatments;
different upper-case letters mean that within the same fertilization treatment in the same year, there are significant
differences (p < 0.05) between tillage systems. Min. and Max.: minimum and maximum individual values; CT:
conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N;
T4: 125% Ecofertil + N.
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3.1.5. Geometric Mean of Studied Enzymes (GME)

Overall, the GME increased from the first to the second year and from the CT
(0.79-1.19) to the NT system (1.56-3.33) (Figure 3). Biological fertilization treatments
generally decreased this index, suggesting a potential inhibitory effect on soil enzymatic
activities. The differences between fertilization treatments were moderate; the NT control
plot GME was significantly higher than in the PSB inoculations only in 2024.

4.00 +
a
3.00 |
a b b b

o 200 + bl b abl) N
> ] ] -
O a ab b a b gab abab

.00 + B~ 20 by M

0.00 H ‘

TO T1 T2 T3 T4 TO T1 T2 T3 T4

CT NT
12023 | 12024 2023 Trendline 2024 Trendline

Figure 3. Geometric mean of enzymatic activities. Different letters indicate significant differ-
ences between fertilizer treatments at the 0.05 level. GME: geometric mean of enzymatic activities;
CT: conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + Nj; T3:
100% Ecofertil + N; T4: 125% Ecofertil + N.

3.1.6. Effects of Tillage, Fertilization, and Their Interaction on Soil Enzymatic Activity

Analysis of soil enzymatic activity intensity highlighted that it depended on both
fertilization treatments and tillage systems (p < 0.001), as well as on the interaction between
the two (Table 7). However, there was one exception, acid phosphatase, where the system
alone caused variations.

Table 7. Analysis of the effects of tillage system, fertilization treatments, and their interaction on soil
enzymatic activity.

Source df MS F Significance
Dependent variable: Catalase
Tillage system 1 13.631 105.259 0.000 ***
Fertilizer treatment 4 0.896 6.922 0.000 ***
Tillage system x Fertilizer treatment 4 0.537 4.150 0.003 **

Error 290 0.129
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Table 7. Cont.
Source df MS F Significance
Dependent variable: Dehydrogenase
Tillage system 12.996 105.682 0.000 ***
Fertilizer treatment 0.819 6.656 0.000 ***
Tillage system X Fertilizer treatment 4 0.710 5.776 0.000 ***
Error 290 0.123
Dependent variable: Acid phosphatase
Tillage system 1 12.888 216.116 0.000 ***
Fertilizer treatment 4 0.134 2.254 0.063
Tillage system X Fertilizer treatment 4 0.059 0.984 0.416
Error 290 0.060
Dependent variable: Alkaline phosphatase
Tillage system 1 4.795 507.697 0.000 ***
Fertilizer treatment 4 0.079 8.373 0.000 ***
Tillage system x Fertilizer treatment 4 0.068 7.245 0.000 ***
Error 290 0.009

df: Degrees of freedom, MS: means square, F: F-statistic. p > 0.05; **: p < 0.01; ***: p < 0.001.

3.1.7. Soil Enzyme Activity Correlation

Among the enzymes investigated, dehydrogenases, acid and alkaline phosphatases

were found to be positive correlated with GME and with each other, whereas catalase
activity was negatively correlated with the other variables (Table 8).

Table 8. Correlation analysis of the investigated soil enzymatic activities.

Parameter GME Catalase Dehydrogenase PhosAI:Ii(;tase Pl?o lsl;alij:’:;se
GME 1
Catalase —0.460 ** 1
Dehydrogenase 0.860 ** —0.572 ** 1
Acid phosphatase 0.858 ** —0.330 ** 0.604 ** 1
Alkaline phosphatase 0.892 ** —0.638 ** 0.731 ** 0.703 ** 1

**: correlation is significant at the 0.01 level (2-tailed); GME: geometric mean of enzymatic activities.

3.2. Soil Chemical Properties

3.2.1. Soil pH, Organic Carbon (SOC), and Total Nitrogen (TN)

In the first year, in both tillage systems, there were no significant changes in soil pH
between fertilizer treatments (Table 9), although slight acidification was found in the CT
Bacillus inoculations. Mean SOC values were higher in NT than in CT at both time points
of the analysis. At 45 DAS, the trend of values was TO > T3 > T2 > T4 > T1 in CT and
T4 > TO > T3 > T2 > T1 in NT. At crop harvest, the highest level of SOC was found at TO in
both systems (2.13% in CT and 2.56% in NT). From 45 DAS until crop harvest, a decrease in
SOC was observed under the NT system.

At 45 DAS, in the CT system, TN varied slightly in 2023, while in NT, the highest
level was measured in the 125% Ecofertil + N (T4) treatment and the lowest in the 100%
Ecofertil without N. At the end of the growing season, TN ranged from 0.196 to 0.244% in
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NT, exceeding the CT system (0.151 and 0.185%), and in both systems, the maximum TN
was recorded in the control treatment.

Table 9. Soil pH, SOC, and TN reported in 2023 at the two soil analysis stages.

Tillage System 45 DAS
CT NT
Fertilization Treatment
indicator TO T1 T2 T3 T4 TO T1 T2 T3 T4
pH 6.02 582 582 5742 582 5742 5742 574 5742 572
SE 0.095 0.084 0.118 0.091 0.069 0.101 0.160 0.104 0.124 0.111
SOC (%) 1.912 1.76 4 1.86 bc 1.912b 1.85¢ 2.762b 2544 2,67 ¢ 275" 2.822
SE 0.007 0.012 0.017 0.003 0.005 0.007 0.008 0.017 0.017 0.010
TN (%) 01682  0.1552 0.162 2 0165 01622 0.239 2b 0221¢  0.234P 0.240 0.244 2
SE 0.002 0.003 0.002 0.003 0.004 0.000 0.003 0.001 0.001 0.001
Crop Harvest
pH 554 532 5542 5.62 532 574 5942 582 582 572
SE 0.074 0.092 0.105 0.115 0.127 0.100 0.073 0.076 0.085 0.065
SOC (%) 2132 1.98b 1.73¢ 1.89P 2,072 2562 229¢ 2.31be 2340 2244
SE 0.023 0.034 0.010 0.007 0.010 0.003 0.010 0.003 0.008 0.010
TN (%) 0.1852  0.174 % 0.151 ¢ 0.168%  0.177 2 0.2242 0.198®>  0.201P 0.205° 0.196 P
SE 0.003 0.002 0.003 0.001 0.002 0.002 0.000 0.002 0.000 0.003

Results represent mean values; SE: standard error (n = 3); different letters mean that within the same tillage
system in the same year, there are significant differences (p < 0.05) between fertilizer treatments. DAS: days after

sowing; CT: conventional tillage; NT: no-tillage; SOC: soil organic carbon; TN: total nitrogen; T0: control; T1: 100%
Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.

Similarly, bacterial inoculations did not significantly affect soil pH in 2024 (Table 10).
Under CT, at 45 DAS, the highest SOC content was recorded in T2, while at harvest in TO,
T1, and T4, with very close values, while T2 and T3 decreased significantly. At 45 DAS, all
PSB treatments exceeded the control in NT, and at harvest, T3 and T4 were significantly
higher. Higher SOC values were measured in NT than in CT at both soil assessment times
except for T2. In the first soil analyses, TN ranged from 0.148 to 0.175% in CT and from
0.182 to 0.196% in the NT system. The trend of fertilization treatments for this nutrient was
T2>T0>T3>T1>T4in CT and T1 > T2 > T3 > T4 > TO in NT. At sunflower harvest, these

were changed as follows: T4 > T0 > T1 > T2 > T3 in CT practice and T4 > T3 > T1 > T0O > T2
in NT.

Table 10. Soil pH, SOC, and TN reported in 2024 at the two soil analysis stages.

45 DAS
Tillage System
CT NT
Fertilization Treatment
TO T1 T2 T3 T4 TO T1 T2 T3 T4
Indicator
pH 592 592 582 582 572 572 572 572 562 562
SE 0.100 0.091 0.115 0.093 0.134 0.121 0.104 0.074 0.075 0.058
SOC (%) 1.84" 1.74 <4 2.002 1.78 be 1.70 ¢ 2.08¢ 2262 22372 22172 220P
SE 0.007 0.027 0.013 0.012 0.003 0.010 0.017 0.010 0.010 0.017
TN (%) 01572 0.153P 0.1752 0.1562>  0.148° 0.182° 01962 01902  0.1882>  0.185%
SE 0.004 0.005 0.003 0.005 0.005 0.004 0.003 0.001 0.001 0.002
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Table 10. Cont.
45 DAS
Tillage System
CT NT
Fertilization Treatment To T1 T T3 Ta To T1 T T3 Ta
Indicator
Crop Harvest
pH 582 582 572 582 572 5.6° 58% 58% 5.6° 582
SE 0.045 0.050 0.072 0.113 0.062 0.069 0.087 0.134 0.083 0.066
SOC (%) 1.842 1.842 1.65P 1.61° 1912 2.26¢ 2.35be 1.424 245 b 2522
SE 0.017 0.023 0.010 0.010 0.010 0.020 0.015 0.015 0.034 0.035
TN (%) 01572  0.156°2 0.144P 0137 01612 0190  0200%  0.126°¢ 0.207 @ 02122
SE 0.002 0.002 0.003 0.001 0.002 0.003 0.001 0.001 0.003 0.004
Results represent mean values; SE: standard error (n = 3); different letters mean that within the same tillage
system in the same year, there are significant differences (p < 0.05) between fertilizer treatments. DAS: days after
sowing; CT: conventional tillage; NT: no-tillage; SOC: soil organic carbon; TN: total nitrogen; T0: control; T1: 100%
Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.
3.2.2. Soil Total Phosphorus (TP)

The soil TP content at the two times of analysis (45 DAS and at crop harvest) is
depicted in Figure 4. In 2023, in both tillage systems, the highest TP content was recorded
in T4, regardless of sampling time (0.0373-0.0578%). In both experimental years, at crop
harvest, there were slight differences between PSB treatments in both CT and NT systems.
Overall, TP decreased from the first to the second analysis in CT, but an opposite trend was
observed in NT.
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Figure 4. Effect of bacterial inoculation on total phosphorus (TP) content (%) in each tillage system.
Results are presented as means and standard errors; different letters mean that within the same tillage

system in the same year, there are significant differences (p < 0.05) between fertilizer treatments;

DAS: days after sowing; CT: conventional tillage; NT: no-tillage; TO: control; T1: 100% Ecofertil;
T2: 75% Ecofertil + N; T3: 100% Ecofertil + N; T4: 125% Ecofertil + N.

3.2.3. Soil Available Phosphorus (AP)

In CT (2023), increased AP concentrations were found in Bacillus treatments at 45 DAS.

At the two time points of analysis, the highest content was reported in T1 and T4 (Figure 5).

In the second year, differences between treatments were only found at crop harvest.

In the NT system, in the first year, the control exhibited significantly higher AP
(64.04 ppm) compared to PSB treatments (26.10-36.52 ppm) at 45 DAS. However, at harvest,
these differences were reduced by decreasing values for the control and increasing for

the Bacillus treatments compared to the first determination. In contrast, in the second
year, no significant differences in AP were found among fertilizer treatments at 45 DAS
(57.62-63.80 ppm), while at crop harvest, microbial inoculations lead to increased AP.
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Figure 5. Effect of bacterial inoculation on soil available P (AP) content (ppm) in CT and NT systems.
Results are presented as means and standard errors; different letters mean that within the same tillage
system in the same year, there are significant differences (p < 0.05) between fertilizer treatments;
DAS: days after sowing; TO: control; T1: 100% Ecofertil; T2: 75% Ecofertil + N; T3: 100% Ecofertil + N;
T4: 125% Ecofertil + N.

3.2.4. Effects of Tillage, Fertilization, and Their Interaction on Soil Chemical Properties

The evaluation of fertilization treatment effects showed an influence on SOC and TP
as well as tillage system on TN and AP (Table 11). This further analysis showed that soil
pH does not change during the two years as a result of fertilization or tillage systems, and
the interaction of the two factors has no impact on the investigated chemical indicators.
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Table 11. Analysis of the effects of tillage system, fertilization treatments, and their interaction on soil

chemical properties.
Source df MS F Significance
Dependent variable: pH
Tillage system 1 0.001 0.025 0.876
Fertilizer treatment 0.023 0.595 0.667
Tillage system x Fertilizer treatment 0.048 1.223 0.305
Error 110 0.039
Dependent variable: SOC
Tillage system 1 7.874 153.421 0.000 ***
Fertilizer treatment 0.137 2.666 0.036 *
Tillage system x Fertilizer treatment 0.070 1.371 0.249
Error 110 0.051
Dependent variable: TN
Tillage system 0.056 136.909 0.000 ***
Fertilizer treatment 0.001 1.911 0.114
Tillage system X Fertilizer treatment 0.000 1.107 0.357
Error 110 0.000
Dependent variable: TP
Tillage system 1 0.003 42.590 0.000 ***
Fertilizer treatment 4 0.000 4.097 0.004 **
Tillage system X Fertilizer treatment 4 5.909 x 1075 0.948 0.439
Error 110 6.233 x 107°
Dependent variable: AP
Tillage system 8247.058 32.988 0.000 ***
Fertilizer treatment 226.480 0.906 0.463
Tillage system X Fertilizer treatment 323.585 1.294 0.277
Error 110 249.998

df: Degrees of freedom, MS: means square, F: F-statistic; *: p < 0.05; **: p < 0.01; ***: p < 0.001; SOC: soil organic

carbon; TN: total nitrogen; TP: total phosphorus; AP: available phosphorus.

3.2.5. Soil Chemical Properties Correlation

The correlation of soil chemical properties indicates a strong relationship between
SOC and TN, and TP was moderately correlated with TN and SOC (Table 12). This
analysis also shows that, for both years, soil pH is not significantly correlated with other

chemical properties.

Table 12. Correlation analysis of the investigated soil chemical indicators.

Parameter pH SOC TN P AP
pH 1
SOC —0.080 1
TN —0.064 0.992 ** 1
TP 0.091 0.461 ** 0.482 ** 1
AP —0.080 0.292 ** 0.262 ** 0.223 * 1

**: correlation is significant at the 0.01 level (2-tailed); *: correlation is significant at the 0.05 level (2-tailed); SOC:
soil organic carbon; TN: total nitrogen; TP: total phosphorus; AP: available phosphorus.
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4. Discussion
4.1. Soil Enzyme Responses to Fertilization and Tillage Systems

Enzymes are widely reported as sensitive soil quality, fertility, and microbial activity
markers due to their fast response to environmental changes and management practices [50].
Dehydrogenase and catalase are two important oxidoreductases involved in SOM oxida-
tion [51], used as indicators of soil global and respiratory activity [52]. Dehydrogenase is
useful in soil environment quality assessment [53,54] and is considered to be a measure of
microbial metabolism intensity [55,56]. According to previous research, Bacillus megaterium
var. phosphaticum and rock phosphate cause changes in soil biology, leading to an increase
in dehydrogenase activity by an average of 35% [57]. In our study, inhibition of this enzyme
was associated with most biofertilizer treatments in both tillage systems, with only the 75%
PSB + N treatment reflecting significantly higher metabolic activity in 2023 under the NT
system. Our findings suggest that the recommended bacterial inoculum or a lower dose can
slightly stimulate soil biological activity and disrupt the native microbiome. In addition,
large variations in dehydrogenase emphasize an unstable adaptation of this species in
soil. Our data disagree with those obtained by Bai et al. [58], who found increased activity
when Bacillus cereus and Pseudomonas fluorescens were inoculated. Given the higher amount
of organic matter [59]—the oxidation of which involves dehydrogenase [60]—we found
higher values in the NT system. Burns RG et al. [61] reported increased activity under NT
conditions and stated that dehydrogenase is sensitive to the tillage system practiced, related
to its association with viable microbial populations. A different response was found for
catalase activity, which was enhanced by the addition of bacterial inoculum and nitrogen
in the CT system in both experimental years, possibly as a result of catalase production by
this bacterium [62,63], but also to the stimulation of aerobic biological activity by nitrogen,
which is consistent with Su-mei et al. [64] and Thsan Muhammad et al. [65]. In NT, the
125% PSB + N treatment catalase was significantly higher than the control in 2023, but all of
the inoculated treatments reached more intense activity in 2024. In addition to microbiota
abundance and activity, enzymes are also related to plant root exudates [66,67], climatic
conditions, and soil properties [68]. For example, catalase activity depends on TN, SOC [69],
and the production of organic acids that lower pH and improve nutrient availability [70],
which may explain the increased activity in the PSB treatments. Moreover, in the CT system,
the optimal soil air flow regime, enhanced by mechanical tillage, creates an environment
favorable for colonization with aerobic and facultatively anaerobic microorganisms. On the
contrary, in NT, the absence of soil disturbance increases bulk density, leading to a more
suitable habitat for anaerobic microorganisms [71]. The negative correlation identified
between catalase and dehydrogenase is in agreement with other research [72] and can
be explained by the involvement of dehydrogenase in soil organic substrate reduction
processes [73] under anaerobic conditions, while catalase is present in aerobic environ-
ments [74]; all the more since in our analysis, the two soil tillage systems were considered
together. It should be mentioned that air-drying of soil samples can reduce enzyme activity
by about 16-29%, depending on soil type [75], and the dehydrogenase and catalase in this
research—although not accurately reflecting soil activity—capture differences between
fertilization treatments and tillage systems.

Similar to the two oxidoreductases, phosphatases—enzymes of extracellular origin—
are important measures of soil biochemical status, being involved in catalyzing the conver-
sion of organic P to inorganic forms ready for uptake by plants and microorganisms [76],
acting as a sensitive signal of AP deficiency [77]. It has been reported that alkaline phos-
phatase is largely synthesized by plants, whereas acid phosphatase is generally of microbial
origin [78]. Alkaline phosphatase released by microorganisms has a higher affinity for
organic P conversion [79]; hence, PSB present possible utility. Research on biofertilizers
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has provided conflicting results regarding their influence on the activity of these enzymes.
For example, Dtugosz [80] identified inhibition of both acid and alkaline phosphatases
when inoculating Lactobacillus spp., Pseudomonas spp., Penicilium, and Actinomycetes spp.
on Gleyic Cambisol. These results are in line with those obtained in this study, with PSB
reducing or slightly increasing the activity. Phosphatase inhibition occurs as a result of high
levels of P in inorganic forms [81] as a result of mixing of PSB with mineral fertilizers in our
treatments, even though Bacillus megaterium var. phosphaticum has the ability to produce
these enzymes [82]. Investigation of the enzyme response of soil PSB communities to fertil-
ization [83] indicates an increase in phosphatase activity when N is applied, particularly
acid phosphatase as a result of pH decrease [84], but our results reflect a significant increase
only in the NT system in 2024 in treatments where N was additionally supplied. Regarding
the impact of soil disturbance on phosphomonoesterases, Khosro Mohammadi et al. [85]
found distinct differences between the CT with soil mobilization and the conservative
system with minimal tillage or NT, practiced on Inceptisol soil type and under extreme
continental climate conditions. The results of our research highlight this significantly higher
level of both phosphomonoesterases in the NT system compared to CT. The absence of
soil disturbance led to increased SOM content [86], improved structure, aeration, and
moisture [87] and therefore to an enrichment of microbial community [88] and enzymatic
activity [89] in the NT system. In sunflower, lower phosphatase activity was detected in
the first 15 cm in the CT compared to the NT system [90]. For all the enzymes investigated,
the sampling depth is relevant; collecting at 0-25 cm depth is likely to have resulted in
lower activity values, which is explained by the loss of organic matter by mixing soil
horizons [91]. Although phosphomonoesterases respond to soil pH, our results highlight a
positive correlation between them, emphasizing the positive feedback relationship between
the two and their changes in the same direction. Correlation analysis between enzymes
showed a negative correlation of acid phosphatase with catalase, as found by Samuel
et al. [54] in a typical chernozemic soil, but in contrast to the results of the same study,
alkaline phosphatase also correlated negatively with catalase in our investigation. It has
been suggested that the enzymes behave similarly in reaction to land use, which explains
the positive correlation between acid phosphatase, alkaline phosphatase, dehydrogenase,
and GME. Other studies have also reported a positive correlation of soil enzymes, so any
individual enzyme may reflect the intensity of activity of other enzymes [92]. Enzymatic
activity is affected by soil management, with acid phosphatase being very sensitive to it
and oxidoreductases (catalase and dehydrogenase) being more stable to anthropogenic
influences [92]. Enzymatic activity may not provide a full reflection of soil quality overall;
a comprehensive evaluation should include chemical, physical, and biological parameters
to accurately measure soil quality and tillage impacts [93].

4.2. Soil Chemical Properties in Response to Fertilization and Tillage Systems

Soil pH plays an important role in the mobility and availability of nutrients to plants, as
well as in the dynamics of biological communities and the intensity of their activity [94]. PSB
inoculation did not significantly alter pH, even with additional N, which is in agreement
with other studies [95]. However, slight soil acidification was recorded in the CT system at
45 DAS in the Bacillus megaterium var. phosphaticum treatments in the two years of research
due to the secretion of organic acids [96]. In the NT system, the absence of relevant changes
in pH may be attributed to the high buffering capacity of the soil as a function of the rich
S0OC level [97].

The performance of inoculated soil bacteria depends on nutrient availability, especially
Cand N [98]. SOC influences soil aggregation, water and air movement, microbial dynam-
ics, enzymatic activities, and nutrient cycling [97]. Studies on the relationship between
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microbial inoculation with Enterobacter sakazakii J129 [99], Bacillus megaterium KBA-10 +
Pantoea agglomerans RK-134 + Pseudomonas fluorescens FDG-37, Bacillus subtilis PA1 + Paeni-
bacillus azotofixans PA2, and SOC content support a positive correlation between them [100].
However, our results are reversed, at least in the first crop season, when only T4 (125%
PSB) in the NT system (45 DAS) outperformed the no inoculated control. The absence of
a significant influence of PSB (Pseudomonas spp. and Thiobacillus spp.) on soil C content
was reported by Just et al. [101]. The constant or decreased SOC may be attributed to the
fact that microbes use C as a necessary energy source [102]. Given mulching and the undis-
turbed soil environment in the NT, SOC was higher compared to the CT system [103,104],
where the uniform distribution on profile of organic matter from plant residues and its
faster oxidation were favored by tillage, resulting in a reduced SOC sequestration rate. The
PSB bacteria can indirectly stimulate N uptake by improving root system development
and soil microbiological activity, providing nutrient access [105]. Inoculation of Bacillus
megaterium var. phosphaticum and 75% of the recommended chemical fertilizer rate on an
Alfisol soil type was found to promote N uptake by sunflower plants [106]. A reduction in
TN was evident in the PSB treatments in 2023 in both tillage systems, likely due to plant
uptake, leaching, and use as a nutrient for microorganisms. In terms of tillage systems,
NT provided higher TN concentrations compared to CT, consistent with other studies
on different nutrient levels and soil management [71]. There is a positive relationship
between SOC content and TN dynamics [31] as a result of organic matter decomposition
and mineralization activity. Soil N and P concentrations are interdependent, with N input
enhancing the P cycle, thus achieving a balance in plant nutrition [107]. However, in our
investigation, TP did not differ significantly by N application in treatments with the same
PSB dose. In CT, the overall trend in TP was a slight increase in the Bacillus treatments
or no significant decrease over the two years, whereas in NT, only in 2023, at 45 DAS,
the 100 and 125% bacterial inoculum and N reached a maximum content; otherwise, the
differences were very small. Investigating the relationships between PSB, N, and P un-
der grassland conditions, it was found that the addition of N or its combination with P
negatively influences the PSB community, reducing it by 18-41%, but P alone does not
significantly affect PSB abundance [83]. The conversion of P from insoluble to soluble
forms by PSB has been highlighted in other studies [108] via different mechanisms such as
organic acid release [109,110], ion exchange reactions, or enzyme production [96,111,112].
Bacillus megaterium var. phosphaticum solubilizes phosphorus mainly by producing organic
acids such as citric, lactic, and propionic acids [113]. The PSB rate positively influenced the
AP content at the recommended or higher dose in the CT system in 2023, but in the second
season, the differences were not substantial. However, in NT, a significant decrease in AP
levels was observed in the first year of the study at 45 DAS, irrespective of inoculum dose,
whereas in 2024, high concentrations were found in Bacillus treatments at crop harvest,
especially when N was also supplied. Managed nutrient application of NPK with PSB will
contribute to maintaining optimal microbial activity, improving P availability and plant
growth [114].

This study highlights the advantages of practicing NT on soil chemical properties and
enzymatic activity, but there are some limitations regarding the influence of fertilization.
The inconsistencies in our results can be explained by the fact that inoculation with Bacillus
megaterium var. phosphaticum can negatively influence the native soil microbiome, thus
disrupting its activity and nutrient cycling [115]. Furthermore, the lack of information on
the resistance and multiplication in the soil of inoculated bacteria and their effect on the
abundance and diversity of soil microbial populations is a limitation. The fact that the
experiment was carried out in a field where crop rotation in time and space is practiced
hinders the estimation of the efficiency of inoculated microorganisms over time.
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5. Conclusions

In conclusion, NT is associated with significantly higher enzymatic activity compared
to CT, except for catalase. This suggests a more dynamic and diverse edaphon, supported
by straw retention, its buffering capacity, and the presence of a rich substrate that promotes
enzymatic processes, such as those catalyzed by phosphomonoesterases. Additionally,
the absence of mechanical tillage helps to maintain a stable soil pore structure, which
is essential for sustaining soil biodiversity. However, under CT, the soil tends to favor
aerobic microorganisms due to increased aeration and organic matter incorporation, which
explains the typically intense catalase activity. With the mixed chemical and biological
fertilization, inoculation of 100% and 125% PSB and N promote catalase activity, but this
had a negative impact on dehydrogenase and phosphomonoesterases, contrary to our
expectations. While PSB and N enhance oxidative stress response through catalase activity,
they may suppress microbial processes associated with OM degradation and phosphorus
cycling. Additionally, this response of soil enzymes to bacterial inoculation is reflected
by GME values close to or significantly lower than those of the control (T0) where only
mineral fertilizer was applied. This study highlights the underlying role of tillage systems
on soil enzymatic activity and chemical properties rather than a particular influence of
Bacillus megaterium var. phopshaticum. A dynamic investigation of soil enzymatic activity
would be needed, as our analyses only reflect their status at the end of the growing season.

Over the two years of investigation, soil pH was not affected by bacterial inoculation,
and SOC and TN showed no clear response to mixed fertilization. In both experimental
years, 125% PSB + N treatment increased TP with the two tillage systems. In 2023, in CT,
PSB increased AP concentration in all biological treatments and only in T4 at harvest, while
in 2024, there were no significant differences. At the same time, in NT, significant increases
in AP were found at crop harvest (2024). Thus, these results raise the possibility of using
the studied species to increase P mobility, but the mechanisms of action leading to this
need to be better understood. Higher levels of TN, SOC, TP, and AP were found under
NT compared to CT soil management, likely to the absence of disturbance and greater
accumulation of OM at the soil surface.

These findings suggest that, under similar climatic and pedological conditions, the
NT system is more effective for improving and preserving soil properties, as we hypoth-
esized, whereas the efficiency of combined mineral and chemical fertilization requires
further investigations.
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