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Abstract: The aim of this study was to determine the influence of microbial biostimulants on wheat
and oat growth, grain yield, and grain quality and to evaluate the influence of these probiotics
on some soil agrochemical traits in the open field. Active concentrations of ProbioHumus and
NaturGel and their mixtures were selected under laboratory conditions using winter wheat as a
reference plant. Probiotics had a biostimulating effect on the development of the underground and
aboveground part of winter wheat when 2 µL/g was used for seed priming and 2 mL/100 mL for
seedling spraying. Under field conditions, after treatment of soil (2 L/ha), wheat and oat seeds
(2 L/t), and plants (2 L/ha) with ProbioHumus and NaturGel, it was found that the yield of the
studied cereals increased, on average, by 0.50 t/ha to 1.09 t/ha. ProbioHumus promoted protein
accumulation in the investigated cereal grains. The level of microelements in wheat and oat grains
increased after treatment of plants with NaturGel. Probiotics improved soil agrochemical properties,
such as total and nitrate nitrogen, total and available phosphorus, organic carbon, humic acid, and
humus content. In conclusion, plant probiotics can be used as an ecological alternative for growing
cereals and improving the agrochemical properties of the soil.

Keywords: plant microbial biostimulants; Triticum aestivum; Avena sativa; protein content; soil
nitrogen; microelements; phosphorus; organic carbon; humus

1. Introduction

Increasing the productivity of agricultural crops has been, and remains, one of the
most important challenges for agricultural production and science. The use of chemical
fertilizers to support crop production has led to the global pollution of soil, water and
air. With the latest input-intensive farming systems and technologies, the use of chemical
fertilizers (consisting of N, P or K) has been too high to meet the nutrient requirements
of plants to increase agricultural productivity worldwide [1]. On the other hand, low
fertilizer use efficiency means that only a limited amount of these nutrients are taken up
by plants (30–40%) and the rest are released into the soil, thus polluting the environment.
Moreover, organic farms can only fertilize the soil with certain fertilizers and to a very
limited extent, so the main problem for these farms is low production yields and constantly
deteriorating soil quality [2]. Today’s farming conditions are determined not only by new
crop production technologies but also by soil fertility and degradation. Organic matter
(humus) in the soil is rapidly declining due to active agricultural activities, as only plant
residues become its source. The mass and chemical composition of these residues affect
not only the humus stock but also its qualitative composition [3]. Sustainable agriculture
has increased in recent times, leading to the necessity of new technological developments
to reduce environmentally harmful chemical fertilizer and pesticide use [4,5]. As a result,
the use of biostimulants in sustainable farming practices has become an innovative and
environmentally friendly technology that improves not only yields but also soil quality [6].
Although the use of biostimulants containing live microorganisms is one of the practices
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used for productivity regulation, there is relatively little research on crop production and
even less evidence on the potential effects of probiotics on soil properties [7–9]. When
biostimulants are used as seed, plant or soil inoculants, they proliferate and participate
in nutrient cycling and improve crop productivity [10]. Biostimulants contain different
types of microorganisms that can convert important nutrients from being unavailable
to available through biological processes in the soil [11–13]. The addition of growth-
promoting micro-organisms creates an ecological balance of microflora dominated by
beneficial bacteria, creating a healthier and more vibrant environment for plants and thus
reducing the negative effects of excess nitrogen emissions on the soil [14,15]. It is thought
that certain micro-organism referred to as “probiotics” may benefit the plant by acting as
biological control agents. Higa and Parr developed the concept of effective microorganisms
(EM). According to their research, the incorporation of EM into the soil, and the exposure
of plants to their cultures, can improve crop growth, yield and quality [16]. This work has
paved the way for the concept that plant probiotic microorganisms (PPM) can be a viable
alternative to improve soil structure and quality while maintaining plant productivity [17].
PPM produced commercially by companies are being investigated in the open field for
their ability to ensure yield and quality [18]. Biostimulants have shown potential in many
agricultural crops, but the efficacy and specificity of probiotic products in improving
cereal yields and soil structure are not well studied. There are few studies on the effects
of PPM on vegetable and fruit yields, and particularly on the accumulation of bioactive
compounds [19–21]. Knowledge of the effect of probiotics on growth, crop productivity
and yield quality in wheat (Triticum aestivum L.) and oats (Avena sativa L.) is very limited.
Wheat is undoubtedly a nutritionally and economically important cereal which is grown
in countries all over the world. The treatment of wheat and barley seeds with Bacillus sp.
has been shown to improve root growth and plant development, to increase crop yields
and improve soil structure [22]. Oats (Avena sativa L.) are the sixth largest cereal crop in
the world in terms of planted area, after wheat, maize, rice, barley and sorghum. Oats are
rich in nutrients, such as fat, protein, vitamins and fiber. Exogenous application of seaweed
extract has been shown to have positive effects on crop growth, yield and quality [23]. We
found some evidence that the growth response of oat plants to some biostimulants and
poorly soluble fertilizers was altered as a result of increased soil microbial diversity and
better plant access to less soluble nutrients. The combined use of biofertilizers and rotted
straw was shown to result in the highest oat productivity, especially in terms of grain yield
and dry biomass production [24]. Accordingly, there is a need to investigate the influence
of microbial biostimulants on crop growth and development and to apply them in modern
agriculture. In this respect, the search for probiotic biostimulants that promote the growth
of wheat and oats and improve crop productivity without adverse environmental impacts
is a promising crop production strategy.

We hypothesized that the use of the PPM compositions ProbioHumus and NaturGel
may improve soil structure and have a positive effect on cereal crop productivity. Therefore,
we investigated the effect of ProbioHumus and NaturGel on cereal yield and grain quality
in the open field and evaluated the effects of these biostimulants on soil agrochemical
properties. The main objectives were: (1) the investigation of the impact of ProbioHumus
and NaturGel on winter wheat and oat yield and quality, and (2) to evaluate the effect of
probiotics on soil total and nitrate nitrogen, total and available phosphorus, organic carbon,
humic acid, and humus content.

2. Materials and Methods
2.1. Plant Material and Treatments

The plant material used for the trials was winter wheat (Triticum aestivum L.) cv. ‘Kena
DS’ and spring oats (Avena sativa L.) cv. ‘Symphony’. The probiotics ProbioHumus and
NaturGel were used as biostimulants to improve soil properties and crop productivity and
quality. The studies were carried out under controlled laboratory and field conditions on
an organic commercial farm located in the Vilkaviškis district, 54◦59′ N, 23◦27′ E, Lithuania.
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Two experiments were carried out on the farm between 2017 and 2019. The plot area in the
field experiment was 1 ha for each experimental variant. The first experiment analyzed
the effect of probiotics on wheat growth using four different plots (4 × 1 ha) for four
test variants. The season of this experiment lasted from September 2017 to August 2018.
The same fields were subsequently used in a second experiment on oats, conducted from
April 2019 to August 2019. All the fields used had soils belonging to the endocalcari-
epihypogleyic cambisol (USDA classification), with a characteristic pH of 7.2 and a total
nitrogen content of 1.54 g/kg in the arable layer at the beginning of the experiment.

2.1.1. Probiotic ProbioHumus

ProbioHumus (purchased from Baltic Probiotics, Rucavas pagasts, Latvia) is a
commercial probiotic containing Bacillus subtilis, Bifidobacterium animalis, B. bifidum,
B. longum, Lactobacillus diacetylactis, L. casei, L. delbrueckii, L. plantarum, Lactococcus lactis,
Streptococcus thermophilus, Rhodopseudomonas palustris, R. sphaeroides, and Saccharomyces cerevisiae.

2.1.2. Probiotic NaturGel

NaturGel is a commercial probiotic preparation (purchased from Sadera, Vilnius,
Lithuania) containing microorganisms of the genera Azotobacter, Bacillus, Rhizobium,
Bradyrhizobium, Lactobacillus, and Trichoderma, enzymes, vitamins (B1, B2, PP, E, A), carotenoids,
fulvic, humic, and amino acids, carbohydrates, as well as nitrogen, phosphorus, potassium,
copper, zinc, manganese, magnesium and iron.

2.2. Determination of the Active Concentration of Probiotics

In order to determine the active concentration of probiotics for root development, win-
ter wheat seeds were primed with probiotic preparations (except the control group) accord-
ing to the following scheme: (1) Control (H2O); (2) ProbioHumus (1 µL/g);
(3) NaturGel (1 µL/g); (4) ProbioHumus (1 µL/g) plus NaturGel (1 µL/g); (5) ProbioHu-
mus (2 µL/g); (6) NaturGel (2 µL/g);( 7) ProbioHumus (2 µL/g) plus NaturGel (2 µL/g);
(8) ProbioHumus (4 µL/g); (9) NaturGel (4 µL/g); and (10) ProbioHumus (4 µL/g) plus
NaturGel (4 µL/g). Seeds were sown in 10 × 10 cm pots with a peat substrate. Plants were
grown in a Climacell plant growth chamber (Medcenter Einrichtangen, GmbH, Planegg,
Germany) at a constant temperature of 24 ◦C, 60 mol m2 s−1 illumination, 16/8 h photope-
riod and 65% humidity. Each experimental unit consisted of 30 seeds with 10 seeds per pot.
Root morphometric measurements: root length, the number of lateral roots, fresh and dry
mass were taken after 16 days of growth using a ruler and balances (Kern EWJ, Germany
and Sartorius BP 110S, Korea), respectively.

To determine the active concentration of the probiotic for the growth and develop-
ment of winter wheat seedlings, the seeds were primed with the selected concentration
of the probiotic and grown as described in the previous paragraph. At BBCH-scale (code
of phenologically similar growth stages of plants—the abbreviation derives from Biol-
ogische Bundesanstalt, Bundessortenamt and CHemical industry) 4–5 in the fourth to
fifth leaf stage [25], the leaves of the plants were sprayed with aqueous solutions of
the preparations according to the following scheme: (1) Control (H2O); (2) ProbioHu-
mus (1 mL/100 mL); (3) NaturGel (1 mL/100 mL); (4) ProbioHumus (1 mL/100 mL) plus
NaturGel (1 mL/100 mL); (5) ProbioHumus (2 mL/100 mL); (6) NaturGel (2 mL/100 mL);
(7) ProbioHumus (2 mL/100 mL) plus NaturGel (2 mL/100 mL); (8) ProbioHumus
(4 mL/100 mL); (9) NaturGel (4 mL/100 mL); (10) ProbioHumus (4 mL/100 mL) plus
NaturGel (4 mL/100 mL). Wheat was harvested after 20 days of cultivation (Figure 1) and
the morphometric parameters of 30 plants were measured immediately.

2.3. Field Experiments

The soil of the tested fields was treated with probiotics three times: (1) in the autumn
of 2017 before the sowing of winter wheat, (2) in the autumn of 2018 after wheat harvest,
and (3) in the spring of 2019 before the sowing of oats. The preparations of 2 L/ha were
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diluted 1:100 with water and the soil of fields (4 × 1 hectare) were sprayed according to
the scheme: (1) Control group without any treatment, (2) ProbioHumus, (3) NaturGel, and
(4) ProbioHumus and NaturGel in combination. Before sowing, winter wheat seeds, except
for the control group, were primed with probiotic preparations ProbioHumus (2 L/t),
NaturGel (2 L/t) and ProbioHumus with NaturGel (2 L/t + 2 L/t) in combination. The
probiotic treatment of oat seeds was performed in the spring of 2019 using the same doses.
Wheat and oat plants were sprayed twice during the growing season with these products
(according to the same schedule) at the nine-leaf stage (BBCH 18–19) and at the beginning of
stem elongation (BBCH 32–37) [25]. The probiotics were diluted 1:200 with water at 2 L/ha
and sprayed on plants. At the end of the flowering stage (BBCH 58–59), crop height was
measured. Before harvesting at full maturity, a random sample of 30 plants was taken from
each experimental variant for measurements of yield productivity indices including the
number of grains per plant, the average grain weight per plant and the 1000 grain weight.
After harvesting with a combine harvester, the yield of wheat and oats was estimated
in t/ha.
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2.4. Determination of Photosynthetic Pigments

Wheat and oat leaf samples were taken for analysis at the beginning of stem elongation
(BBCH 56–57 [25]). Three leaves per plant of thirty wheat and oat plants were used to
determine photosynthetic pigments. Leaf fragments (up to 50 mg) were extracted with
N,N-dimethylformamide at 4 ◦C for four days. The extract was filtered, and the absorbance
was measured by spectrophotometer at 480 nm, 647 nm and 664 nm. The chlorophyll a
(Ca), chlorophyll b (Cb) and total carotenoid (Cc) content was calculated according to [26],
using the formulas:

Ca = 11.65 × A664 − 2.69 × A647, (1)

Cb = 20.81 × A647 − 4.53 × A664, (2)

Cc = (1000 × A480 − 0.89 × Ca − 52.02 × Cb)/245, (3)

where A—absorption, C—concentration in mg/L.
The quantity of pigments of fresh weight per unit was calculated by the

following formula:

P = ((C × V) × dilutions times)/M × 1000, (4)

where P—pigment content in mg/g of fresh mass, V—pigment extract volume, M—fresh
mass in grams.

2.5. Estimation of Cereal Protein Content

Grain samples from 30 wheat and oat plants were milled to avoid sample inhomo-
geneity and 0.3 g of each test variant was used for the measurements with three replicates.
The protein content was determined by an improved Kjeldahl method which can be di-
vided into three steps: digestion, neutralization and titration. A Kjeldahl protein-nitrogen
analyzer, consisting of a graphite digestion complex SH220N with exhaust system S402
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and automatic distiller K9840 (Hanon Instruments, Jinan, China), and an automatic poten-
tiometric titrator KEM AT-7100 (Kyoto Electronics, Kyoto, Japan) were used. Cereal protein
was calculated by multiplying the nitrogen content by 5.7.

2.6. Determination of Mineral Content of Cereals

Samples of grains were prepared as described in Section 2.5. The content of Mn, Fe, and
Zn in oat and wheat grains was determined by standard atomic absorption spectrometry
(AAS) using a spectrometer (Z-8200, Hitachi, Tokyo, Japan), following mineralization in a
mixture of concentrated hydrochloric and nitric acids in a 1:3 ratio.

2.7. Soil Sampling

Soil samples for chemical analyses and tests were taken twice: before the installation
of the test fields (8 August 2017) and at the end of the study (8 August 2019). For the
experiments, a 1 × 4 ha study area was set up and 80 soil sampling points were marked
by GPS (20 samples from the control area and 20 samples from each probiotic plot). Soil
20 cm deep and 2.5 cm in diameter was collected with probe punctures and mixed to form
a single composite soil sample and then stored in a plastic box at 4 ◦C until further analysis.

2.8. Chemical Analysis of Soil

The soil samples were crushed, sieved through a 2 mm sieve, homogeneously mixed
and dried in an oven at 105 ◦C for 16 h and the following soil agrochemical parameters
were determined:

2.8.1. Total Nitrogen

Total nitrogen (N) concentrations were estimated after mineralization with sulfuric
acid in the presence of potassium sulphate and low copper concentrations (Kjeltabs Cu/3.5,
Kjeltabs KPC/4.5, Catalyst, Changsha, China) by the Kjeldahl method [27], using the same
analyzer system as described in Section 2.5.

2.8.2. Nitrate and Ammonia Nitrogen

Nitrate and ammoniacal nitrogen levels in the soil sample were measured photometri-
cally according to the national standard ISO 14256-2:2005. The soil sample was extracted
with 1:2.5 1 M KCl. The nitrate and ammoniacal nitrogen content of the filtrate obtained
was determined using a Fiastar 5000 Analyser (FOSS, Hillerd, Danmark).

2.8.3. Total Phosphorus

Total phosphorus content was obtained by digestion of 0.25 g of soil previously treated
in 5 mL of hydrofluoric acid (40%) and 1.5 mL of HClO4 (65%) [28] followed by molybdate
spectrophotometric measurements.

2.8.4. Available Phosphorus

Available phosphorus (P2O5) was extracted with 0.5 M NaHCO3 and analyzed spec-
trophotometrically at 880 nm according to the method described by Olsen [29].

2.8.5. Organic Carbon

Soil organic carbon content was determined by the dichromate oxidation method
spectrophotometrically at 590 nm (Analytik Jena Specord 210 plus, Jena, Germany) using
glucose as a standard after wet combustion [30].

2.8.6. Humus

The obtained data on Corg were converted into humus content in the soil using the
following formula: humus content = 1724 × Corg.



Microorganisms 2022, 10, 1277 6 of 15

2.8.7. Humic Acids

Soil samples were weighed and sodium pyrophosphate alkali solvent was added and
put on a boiling water bath. Standard solutions containing 0.002–0.012% of humic acid were
prepared in pyrophosphate solvent too. The absorbance was recorded in two wavelengths,
465 and 665 nm [31], and used to calculate humic acid values.

2.9. Statistical Analysis

Analysis of variance (one-way ANOVA) was performed. Tukey’s HSD post hoc test
was used to compare means. Differences with p-values < 0.05 were considered significant.
Different lower case letters indicate statistically significant differences (p < 0.05). Error bars
indicate the standard deviation of the mean.

3. Results
3.1. Impact of Probiotics on Wheat Root Formation under Controlled Conditions

Root morphometric measurements showed that root development was most intense
when the seeds were treated with 2 µL/g probiotics. The highest average fresh root weight
was obtained in the experimental variant with ProbioHumus and ProbioHumus + NaturGel,
with increases in root weight of 28% and 21%, respectively, compared to the control plants.
Both probiotic preparations promoted dry matter accumulation (Table 1). The root length
was 22% longer in the experimental variant with ProbioHumus (2 µL/g). The number of
lateral roots increased by 17% and 10% after treatment with ProbioHumus (2 µL/g) and
ProbioHumus (1 µL/g) + Naturgel (1 µL/g), respectively, compared to the control group
(Table 1).

Table 1. Effect of seed priming with probiotics on wheat root morphometric parameters after
16 days of cultivation under controlled laboratory conditions. Photo shows the effect of the se-
lected concentration of probiotics (2 µL of probiotic on 1 g of seeds) on the development of wheat
roots: 1. Control; 2. ProbioHumus; 3. NaturGel; 4. ProbioHumus + NaturGel.

Treatments
Primary Root
Length (cm)

Average Mass (g) Number of
Lateral RootsFresh Dry

Control (H2O) 30.0 ± 0.35 b 0.14 ± 0.011 b 0.0133 ± 0.058 b 30 ± 2.2 b
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Treatment (1 µL/g)

ProbioHumus 32.5 ± 1.06 b 0.15 ± 0.007 b 0.0134 ± 0.003 b 31 ± 1.5 b
NaturGel 31.0 ± 0.71 b 0.13 ± 0.005 b 0.0132 ± 0.002 b 32 ± 1.8 b

ProbioHumus + NaturGel 27.0 ± 1.40 b 0.14 ± 0.004 b 0.0134 ± 0.001 b 31 ±1.6 b

Treatment (2 µL/g)

ProbioHumus 36.5 ± 1.09 a 0.18 ± 0.009 a 0.0139 ± 0.001 a 35 ± 1.5 a
NaturGel 33.0 ± 0.82 b 0.16 ± 0.004 a 0.0137 ± 0.003 a 33 ± 2.0 ab

ProbioHumus + NaturGel 32.0 ± 1.31 b 0.17 ± 0.003 a 0.0136 ± 0.001 a 33 ± 1.6 ab

Treatment (4 µL/g)

ProbioHumus 29.5 ± 1.11 b 0.13 ± 0.003 b 0.0132 ± 0.003 b 31 ± 1.5 b
NaturGel 28.0 ± 0.65 b 0.10 ± 0.003 c 0.0122 ± 0.004 c 29 ± 1.8 b

ProbioHumus + NaturGel 27.0 ± 1.52 b 0.12 ± 0.004 b 0.0124 ± 0.001 c 30 ± 1.4 b

Values reported are mean of thirty roots with standard deviation. Means with different letters in the same column
are significantly different (p < 0.05).

3.2. Impact of Probiotics on Wheat Seedling Formation under Controlled Conditions after 20 Days
of Cultivation

The results in Table 2 show that ProbioHumus and NaturGel were the most suitable
for the aboveground part of the seedling establishment after a foliar spray of 2 mL/100 mL.
This treatment resulted in a 3–2% increase in seedling length compared to the control group
and an average increase in fresh and dry weight of 12–16%. In addition, we found that
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the complex treatment with both probiotic compositions also improved the morphometric
parameters of wheat seedlings compared to the control group (Table 2).

Table 2. Effect of leaf-sprayed probiotic preparations on morphometric parameters of winter wheat
seedlings (per plant) grown under controlled laboratory conditions.

Treatment Average Length (cm)
Average Mass (g)

Fresh Dry

Control (H2O) 38.19 ± 0.31 b 0.573 ± 0.05 b 0.083 ± 0.01 b

Treatment (1 mL/100 mL)

ProbioHumus 38.28 ± 0.23 b 0.582 ± 0.06 b 0.084 ± 0.01 b
NaturGel 38.26 ± 0.13 b 0.577 ± 0.03 b 0.087 ± 0.01 b

ProbioHumus + NaturGel 38.24 ± 0.31 b 0.579 ± 0.02 b 0.089 ± 0.01 ab

Treatment (2 mL/100 mL)

ProbioHumus 39.41 ± 0.32 a 0.629 ± 0.02 a 0.098 ± 0.03 a
NaturGel 39.32 ± 0.21 a 0.622 ± 0.02 a 0.095 ± 0.03 a

ProbioHumus + NaturGel 39.38 ± 0.21 a 0.631 ± 0.02 a 0.099 ± 0.03 a

Treatment (4 mL/100 mL)

ProbioHumus 38.29 ± 0.23 b 0.589 ± 0.02 b 0.089 ± 0.02 b
NaturGel 38.26 ± 0.13 b 0.582 ± 0.03 b 0.091 ± 0.01 b

ProbioHumus + NaturGel 38.38 ± 0.13 b 0.589 ± 0.01 b 0.093 ± 0.01 b
Values reported are mean of thirty seedlings with standard deviation. Means with different letters in the same
column are significantly different (p < 0.05).

3.3. Influence of Probiotics on the Growth of Wheat and Oats under Natural Field Conditions

Wheat height measurements at maturity stage showed that ProbioHumus-treated
plants were on average 14% taller than the control plants. NaturGel alone and in com-
bination with ProbioHumus was less effective: wheat height increased by 9% and 10%,
respectively, vs. control group (Figure 2).
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Figure 2. Effect of ProbioHumus and NaturGel on wheat growth: (a) photo of wheat before the 
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Control; 2—ProbioHumus; 3—NaturGel; 4—ProbioHumus + NaturGel. 

Figure 2. Effect of ProbioHumus and NaturGel on wheat growth: (a) photo of wheat before the height
measurements at maturity stage; (b) height of wheat grown in natural field conditions. 1—Control;
2—ProbioHumus; 3—NaturGel; 4—ProbioHumus + NaturGel.
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ProbioHumus had the greatest effect on oat growth, with a 22% increase in plant
height compared to the control plants (Figure 3).
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Figure 3. Effect of ProbioHumus and NaturGel on oats growth: (a) photo of oats before the height
measurements at maturity stage; (b) height of oats grown in natural field conditions. 1—Control;
2—ProbioHumus; 3—NaturGel; 4—ProbioHumus + NaturGel.

3.4. Effect of ProbioHumus and NaturGel on the Accumulation of Photosynthetic Pigments in
Wheat and Oat Leaves

Quantitative analysis of wheat leaf pigments showed that the highest chlorophyll
content (2.77 mg/g FM) was found in wheats treated with ProbioHumus. The tested treat-
ments did not significantly affect the carotenoid accumulation in wheat leaves vs. control
group. In contrast, the evaluation of pigment accumulation in oat leaves showed that all
the treatments promoted the accumulation of pigments in oats’ leaf tissues. The highest
levels were found in oats treated with ProbioHumus in combination with NaturGel, with
an increase of 11% in chlorophyll and 20% in carotenoids compared to the control plants
(Table 3).

Table 3. Effect of ProbioHumus and NaturGel on pigment accumulation in wheat and oat leaves at
the beginning of stem elongation.

Test Variant Chlorophyll a Chlorophyll b Chlorophyll a + b Carotenoids

Wheat mg/g FW

Control 1.32 ± 0.11 a 0.71 ± 0.05 a 2.03 ± 0.17 a 0.22 ± 0.02 a
ProbioHumus 1.44 ± 0.09 b 1.32 ± 0.09 b 2.77 ± 0.18 b 0.21 ± 0.01 a

NaturGel 1.31 ± 0.11 a 0.92 ± 0.09 ab 2.22 ± 0.16 a 0.13 ± 0.01 b
NaturGel + ProbioHumus 1.31 ± 0.10 a 1.23 ± 0.12 b 2.13 ± 0.19 a 0.15 ± 0.02 b

Oats

Control 1.17 ± 0.11 a 0.42 ± 0.03 a 1.60 ± 0.14 a 0.25 ± 0.01 a
ProbioHumus 1.19 ± 0.12 a 0.44 ± 0.03 a 1.63 ± 0.12 a 0.27 ± 0.01 a

NaturGel 1.24 ± 0.10 a 0.46 ± 0.04 a 1.66 ± 0.12 a 0.23 ± 0.01 a
NaturGel + ProbioHumus 1.30 ± 0.25 a 0.49 ± 0.04 a 1.79 ± 0.14 b 0.30 ± 0.01 b

Values reported are mean of three experimental repeats with standard deviation. Means with different letters in
the same column and the same cereals are significantly different (p < 0.05).
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3.5. Effect of ProbioHumus and NaturGel on the Formation and Yield of Productivity Elements in
Wheat and Oats

In the experimental treatments with ProbioHumus and ProbioHumus + NaturGel,
the grain weight per thousand grains increased by 11% and 15%, respectively, compared
to the control group. A significant yield increase of 0.8 t/ha was obtained with NaturGel
at 11.1 t/ha. In contrast, the control field yielded 10.3 t/ha. The treatment of wheat with
ProbioHumus in combination with NaturGel also increased yield by 0.8 t/ha (Table 4).

Table 4. Effect of probiotic preparations on wheat grain yield formation at full maturity stage.

Test Variant Number of Grain per Ear Grain Weight
(g per Plant)

Thousand Grain
Weight (g) Yield (t/ha)

Control 30 ± 2.2 b 3.4 ± 1.1 b 40 ± 0.31 b 10.3 b
ProbioHumus 32 ± 2.0 b 3.6 ± 1.2 b 44 ± 0.36 a 10.8 a

NaturGel 34 ± 1.4 b 3.8 ± 1.0 b 45 ± 0.72 a 11.1 a
ProbioHumus + NaturGel 34 ± 1.3 b 3.9 ± 0.5 b 46 ± 0.41 a 11.1 a

Values reported are mean of thirty crops with standard deviation. Means with different letters in the same column
are significantly different (p < 0.05).

Studies on the effect of probiotics on the formation of productivity elements in oats
showed that ProbioHumus had the highest activity, with a 17% increase in the number of
oat kernels in the panicle, a 14% increase in the weight of one thousand kernels, and an
11% increase in the weight of grains per plant, compared to control plants. Yield increases
(t/ha) were found in all treatments: 1.0 t/ha with ProbioHumus, 0.50 t/ha with NaturGel
and 0.80 t/ha with NaturGel + ProbioHumus (Table 5).

Table 5. Effect of probiotic preparations on oat panicle growth and grain yield at maturity stage. The
photo shows the effect of probiotics on the development of oat panicles: 1. Control; 2. NaturGel;
3. ProbioHumus; 4. ProbioHumus + NaturGel.

Test Variant Number of Grains
per Panicle

Grain Weight
(g per Plant)

Thousand Grain
Weight (g) Yield (t/ha)

Control 63 ± 2.2 b 2.8 ± 0.2 a 34 ± 0.33 b 7.5 b
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ProbioHumus 74 ± 1.4 a 3.2 ± 0.4 a 38 ± 0.72 a 8.5 a

NaturGel 64 ± 2.5 b 2.8 ± 0.1 a 36 ± 0.30 a 8.0 a

ProbioHumus + NaturGel 69 ± 1.8 ab 3.1 ± 0.1 a 37 ± 0.61 a 8.3 a

Values reported are mean of thirty crops with standard deviation. Means with different letters in the same column
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3.6. Effect of Probiotics on Protein and Micronutrient Content of Wheat and Oat Grains

The analysis of the protein content of wheat grain showed that ProbioHumus-treated
fields were more protein rich. The protein content increased by 5% (Figure 4a). In compari-
son, oat grains harvested from ProbioHumus treated plants showed an increase in protein
content of 1.04 g/100 g. NaturGel treatment increased protein accumulation in oat grain by
5% (Figure 4b).

The study of microelement content in wheat grain showed that the NaturGel treated
plant showed an increase in Mn and Zn concentrations of 0.5 and 1.6 mg/kg, respectively.
In the ProbioHumus variant, the concentration of iron was higher by 1.5 mg/kg. In contrast,
the Fe concentration in oat grain was not changed by the application of probiotics, but the
Mn and Zn content of oat grain increased by 0.4 and 0.7 mg/kg, respectively, after NaturGel
application. A similar effect was observed when NaturGel was used in combination with
ProbioHumus (Table 6).
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Figure 4. Effect of NaturGel and ProbioHumus on the protein content of wheat (a) and oat (b) grains.
1—Control; 2—ProbioHumus; 3—NaturGel; 4—ProbioHumus + NaturGel.

Table 6. Effect of probiotics on micronutrient content of wheat and oat grains.

Test Variant Mineral Content, mg/kg

Wheat Iron Manganese Zinc

Control 18.2 ± 0.6 a 3.3 ± 0.0 a 17.1 ± 0.6 a
ProbioHumus 19.7 ± 0.1 b 3.2 ± 0.0 a 17.7 ± 0.8 a

NaturGel 18.5 ± 0.2 a 3.8 ± 0.1 b 18.7 ± 0.6 b
NaturGel + ProbioHumus 20.3 ± 0.8 b 3.5 ± 0.1 ab 18.4 ± 0.4 b

Oats

Control 23.2 ± 1.2 a 8.1 ± 0.0 a 10.6 ± 0.2 a
ProbioHumus 23.6 ± 1.1 a 8.2 ± 0.6 a 10.7 ± 0.0 a

NaturGel 23.3 ± 0.6 a 8.5 ± 0.3 a 11.3 ± 0.1 b
NaturGel + ProbioHumus 23.8 ± 1.2 a 8.6 ± 0.2 a 11.0 ± 0.0 b

Values reported are mean of three experimental repeats with standard deviation. Means with different letters in
the same column and the same cereals are significantly different (p < 0.05).

3.7. Influence of Probiotics on Soil Agrochemical Indicators

At the beginning of the experiment, before the effect of the probiotics on the agro-
chemical properties of the soil was investigated, the nitrate-nitrogen content of the soil
was 6.4 mg/kg (Table 7). In the control plots, nitrate-nitrogen content remained almost
the same during the two years of the experiment. After two years of probiotic treatment,
the level of this indicator increased by 10–25% compared to the 2017 and 2019 controls. In
contrast, in 2019, the ammoniacal nitrogen content of the soil decreased after two years
of soil and plant treatment with probiotics: it decreased by 0.49, 0.39, and 0.13 mg/kg in
the experimental plot with ProbioHumus, NaturGel and ProbioHumus combined with
NaturGel, respectively, compared to the 2017 controls. Measurements of total nitrogen (N)
(0–40 cm in the topsoil layer) showed that the probiotic treatment did not have a significant
effect on this agrochemical parameter. ProbioHumus + NaturGel significantly increased
the total phosphorus content of soil samples by 8% vs. control. The use of probiotics
affected total phosphorus mineralization and affected phosphorus availability to plants.
The most effective treatment, with a 20-fold increase, was ProbioHumus in combination
with Naturgel. The total organic carbon content of plots treated with ProbioHumus in-
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creased by 9%. This was slightly higher in the other probiotic treated plots compared to the
control. The humic acid content was not affected by the probiotics. The average difference
in humus content between the control and ProbioHumus treated field soil was 10%, while
with Probiotic + NaturGel and NaturGel it was 7% and 4%, respectively.

Table 7. Effect of probiotic preparations on soil agrochemical parameters.

Agrochemical
Indicators

Parameters
August 2017 August 2019

2017 Control 2019 Control ProbioHumus NaturGel ProbioHumus + NaturGel

Nitrate-nitrogen mg/kg 6.42 ± 0.2 a 6.1 ± 0.4 a 7.07 ± 0.56 b 7.98 ± 0.66 b 7.57 ± 0.64 b
Ammoniacal-nitrogen mg/kg 2.27 ± 0.1 a 2.14 ± 0.14 a 1.78 ± 0.11 b 2.14 ± 0.17 a 1.87 ± 0.13 ab

Total nitrogen % 0.154 ± 0.01 a 0.138 ± 0.02 a 0.118 ± 0.01 b 0.136 ± 0.01 a 0.123 ± 0.02 ab
Total phosphorus mg/kg 269 ± 11 a 278 ± 10 a 291 ± 9.5 a 281 ± 14 a 310 ± 14 b

Available phosphorus mg/kg 0.96 ± 0.08 a 1.02 ± 0.07 a 18.6 ± 1.1 b 19.3 ± 1.7 b 20.1 ± 1.9 b
Humic acids % 0.23 ± 0.01 a 0.22 ± 0.01 a 0.22 ± 0.01 a 0.25 ± 0.01 a 0.24 ± 0.01 a

Organic carbon % 1.34 ± 0.03 a 1.36 ± 0.10 a 2.03 ± 0.16 b 2.01 ± 0.17 b 2.02 ± 0.02 b
Humus % 2.31 ± 0.12 a 2.32 ± 0.18 a 2.53 ± 0.17 b 2.41 ± 0.13 ab 2.48 ± 0.15 ab

Values reported are mean of three experimental repeats with standard deviation. Means with different letters in
the same line are significantly different (p < 0.05).

4. Discussion

Organic farming, which strictly prohibits the use of synthetic fertilizers, produces
products with improved nutritional qualities, but low yields and persistent degradation of
soil quality [2]. Biostimulants have been identified as an alternative to increase soil fertility
and crop production in sustainable agriculture. The use of microbial and non-microbial
plant biostimulants is a promising strategy in this respect, as they stimulate plant growth
and improve crop performance, making them environmentally friendly, cost-effective,
non-toxic and adaptable; they also help to maintain soil structure and biodiversity of
agricultural land [3,32,33]. PPM and non-microbial plant biostimulants are commonly
used for crops grown in the open field and in greenhouses, including fruit trees, berries,
grapes, vegetables, and ornamentals [34,35]. Most of the work in this area has been carried
out with complex mixtures of products, such as plant or seaweed extracts and recycled
waste [36,37]. In the current study, the PPM compositions ProbioHumus, NaturGel and
their mixture were tested. Probiotic mixtures were used in our experiment because the
combination of several beneficial preparations can be more effective than the use of a
pure active ingredient, especially if they act synergistically. The scientific literature has
confirmed that the combined use of non-microbial biostimulants resulted in the highest
crop productivity, especially in terms of grain yield and dry biomass production [38,39],
and it has also been reported that the combination of composted straw and biofertilizers
significantly increased rice yield [40].

Under laboratory conditions, we selected a concentration of probiotics and their
mixtures with a biostimulatory effect on the growth and development of winter wheat
at a concentration of 2 mL/100 mL. The use of probiotics at the selected concentrations
confirmed the accelerated growth of wheat and oats under natural field conditions. Pro-
bioHumus had the most marked effect on the growth of oats, with a 22% increase in plant
height compared to the control plants, and an average increase of 14% in wheat treated with
ProbioHumus. According to scientific data, increased plant growth with non-microbial
inoculants was in some cases associated with increased chlorophyll and carotenoid content
and improved plant nutrient status [41]. It has been reported in the literature that Kelpak
treatment of seaweed resulted in a 10% increase in chlorophyll content compared to control
plants [42]. Quantitative analysis of chlorophyll and carotenoids in leaves revealed the
influence of the compounds studied on changes in the pigment composition of wheat and
oats. The highest chlorophyll values (2.77 mg/g FM) were found using ProbioHumus. The
investigated preparations did not show any significant effect on carotenoid accumulation
in wheat leaves.
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When investigating the formation of cereal productivity, it was found that the highest
effect on wheat yield was obtained in the experimental variants with ProbioHumus and
ProbioHumus + NaturGel, resulting in increases in thousand grain weight of 11 and 15%,
respectively. ProbioHumus combined with NaturGel increased wheat yield by 1.09 t/ha.
The increase in oat yield was found in all treatments: ProbioHumus 1.0 t/ha, NaturGel
0.50 t/ha and NaturGel + ProbioHumus 0.80 t/ha. Improving seed yield and grain protein
concentration are two major challenges in cereal production, as these traits are dominant
determinants of the economic value of the harvested product [43]. The protein content of
wheat and oat grains was analyzed and it was found that ProbioHumus-treated wheat
grains matured with a higher protein content, i.e., an increase of 5% in protein content
compared to the control plants. In contrast, oat grains harvested from ProbioHumus-
treated plants showed an increase in protein content of 1.04 g/100 g. In addition, the
quality of the cereals is determined by their mineral composition. Cereals have been
shown to be an essential source of Fe and Zn in the daily diet of humans [44,45], but the
concentrations of these minerals in flour are generally low [46]. We found that the trace
elements Mn and Zn were increased in wheat and oat grains grown in fields treated with
NaturGel: 0.5 and 1.6 mg/kg in wheat and 0.4 and 0.7 mg/kg in oats. The increase in Fe
concentration (1.5 mg/kg) was observed only in the wheat grain samples taken from the
ProbioHumus treatment. The effect of other probiotics on the accumulation of the tested
trace elements was not statistically significant but had a positive effect on the increase in
these elements in wheat and oat grains.

Literature reports show that the use of bioactive natural materials and microbial
inoculants can not only improve crop production, but also represents a valuable tool for
improving soil quality [47,48]. Soil agrochemical properties that are important for plant
growth include humus, total nitrogen and plant available phosphorus, and humic acids and
organic matter [49]. These components are not only important sources of material for the
development of plant tissue structures but are also actively involved in plant metabolism.
Nitrogen is required for all plant growth processes [50]. In terms of total nitrogen, arable
soils (0–40 cm in the topsoil) are divided into groups of low nitrogen up to 0.2%, medium
nitrogen up to 0.21–0.3%, sufficient nitrogen up to 0.31–0.4% and high nitrogen of more than
0.4% [51]. In our field trial, the agrochemical properties of the ploughsoil after treatment
with probiotics changed according to the total nitrogen from the low to medium nitrogen
group. In contrast, in the ProbioHumus treated field, the ammoniacal nitrogen content of
the soil decreased by 0.49 mg/kg. Nevertheless, there was a tendency for the nitrate and
nitrogen content to increase in the soil treated with ProbioHumus and ProbioHumus in
combination with NaturGel.

Probiotics containing live microorganisms are one of the management practices that
can help maintain or increase phosphorus levels and improve soil quality in arable soils.
Phosphorus is an essential component of many vital plant processes. Insufficient phospho-
rus in the soil leads to poor plant development and growth, as well as leaf curling [52].
Total phosphorus in soil can range from 112 to 600 mg/kg [53]. In our experimental fields,
it ranged from 269 to 310 mg/kg. Phosphorus that is immobile and unavailable to the plant
for uptake accounts for 80%. Microorganisms are known to play a key role in the processing
and conversion of organic forms of phosphorus into plant-available forms [54]. We found
that all the probiotics we tested had a significant effect on the available phosphorus in the
soil, with ProbioHumus together with NaturGel having the largest effect. The fact that
NaturGel contains phosphorus in an available form may also be important, but the benefi-
cial effect of ProbioHumus containing live micro-organisms on phosphorus mineralization
was demonstrated by an 18-fold increase in the amount of available phosphorus in the
ProbioHumus treated plots vs. control.

Humic acids, which are the main component of soil humus, indicate the properties
of humus in the natural environment [55]. It is known that the quantity of humic acids
present in humus and their properties change with the application of biostimulants [56].
We have shown that the humic acid content was slightly affected by probiotic use.
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Organic carbon is one of the main indicators of soil quality. Even a small increase
in organic carbon can activate the soil and affect the potential soil fertility. There is no
consensus on the influence of the technologies used on the organic carbon content of the
soil [57]. This effect depends on soil type, inputs, etc. In our study, the total organic carbon
content of plots treated with the probiotic ProbioHumus increased by 9% compared to
the control plot. The other probiotic-treated plots showed a slightly lower rate. Microbial
activity is important for several soil reactions and functions, including organic matter
decomposition and humus formation [56,58]. In total, 80–85% of soil organic matter is
composed of humus. Humus not only improves soil structure and the water and weather
regime but is also an important source of microorganisms and plant nutrients. Conflicting
results have been obtained concerning the influence of biostimulants on organic matter
content [59]. In Lithuania, the humus content varies from 1.5 to 2.76% in different regions
of the country [60]. This soil quality indicator was quite high in our field trials, reaching
2.32% in untreated plots and 2.63% in ProbioHumus-treated plots.

In conclusion, the data presented in this study clearly show that the microbial
biostimulants ProbioHumus, NaturGel, and their mixture, had a positive effect on the
growth of wheat and oats and on the formation of productivity elements. ProbioHu-
mus in combination with NaturGel increased wheat yield by 1.09 t/ha. A yield increase
in oats was found for all treatments: ProbioHumus 1.0 t/ha, NaturGel 0.50 t/ha and
NaturGel + ProbioHumus 0.80 t/ha. The application of probiotics affected the quality of
the cereal yield: ProbioHumus promoted protein accumulation by 5% and 8% in wheat
and oat grains, respectively. The content of the microelements Mn and Zn in wheat and oat
grains changed after NaturGel treatment. ProbioHumus had the most marked effect on the
Fe concentration (1.5 mg/kg increase) in wheat grains. Soil chemical analysis showed that
probiotics improved agrochemical properties, such as total and nitrate nitrogen, total and
available phosphorus, organic matter, humic acid and humus content. Therefore, micro-
bial probiotics should be further investigated and used in the development of sustainable
agriculture as an ecological alternative for crop growth, grain yield, quality and potential
soil fertility.
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21. Pobereżny, J.; Szczepanek, M.; Wszelaczyńska, E.; Prus, P. The Quality of Carrot after Field Biostimulant Application and after
Storage. Sustainability 2020, 12, 1386. [CrossRef]

22. Cortivo, C.D.; Ferrari, M.; Visioli, G.; Lauro, M.; Fornasier, F.; Barion, G.; Panozzo, A.; Vamerali, T. Effects of Seed-Applied
Biofertilizers on Rhizosphere Biodiversity and Growth of Common Wheat (Triticum aestivum L.) in the Field. Front. Sci. 2020,
11, 72. [CrossRef]

23. Bulgari, R.; Cocetta, G.; Trivellini, A.; Vernieri, P.; Ferrante, A. Biostimulants and crop responses: A review. Biol. Agric. Hortic.
2015, 31, 1–17. [CrossRef]

24. Da Silva, J.A.G.; De Mamann, A.T.W.; Scremin, O.B.; Carvalho, I.R.; Pereira, L.M.; de Lima, A.R.C.; Lautenchleger, F.; Basso,
N.C.F.; Argenta, C.V.; Berlezi, J.D.; et al. Biostimulants in the indicators of yield and industrial and chemical quality of oat grains.
J. Agric. Stud. 2020, 8, 68–87. [CrossRef]

25. Meier, U. Growth Stages of Mono- and Dicotyledonous Plants. BBCH Monograph, 2nd ed.; Federal Biological Research Centre for
Agriculture and Forestry: Bonn, Germany, 2001; pp. 115–117.

26. Wellburn, A.R. The spectral determination of chlorophylls a and b, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. J. Plant Physiol. 1994, 144, 307–313. [CrossRef]

27. Li, Y.Q.; Chen, L.; Zhao, J.F. Comparison of methods for determining total nitrogen in soil. Guangzhou Environ. Sci. 2006,
21, 28–29.

28. Grimshaw, H.M. The determination of total phosphorus in soils by acid digestion. In Chemical Analysis in Environmental Research;
Rowland, A.P., Ed.; Institute of Terrestrial Ecology, Abbotts Ripton: Huntington, UK, 1987; pp. 92–95.

29. Olsen, S.R.; Sommers, L.E. Phosphorus. In Methods of Soil Analysis: Part 2. Chemical and Microbiological Properties, 2nd ed.; Page,
A.L., Ed.; ASA and SSSA: Madison, WI, USA, 1982; pp. 403–430.

30. Butkute, B.; Slepetiene, A. Application of near infrared reflectance spectroscopy for the assessment of soilquality in a long-term
pasture. Commun. Soil Sci. Plant Anal. 2006, 37, 2389–2409. [CrossRef]

31. Shirshova, L.T.; Ghabbour, E.A.; Davies, G. Spectroscopic characterization of humic acid fractions isolated from soil using
different extraction procedures. Geoderma 2006, 133, 204–216. [CrossRef]

32. Bulgari, R.; Franzoni, G.; Ferrante, A. Biostimulants Application in Horticultural Crops under Abiotic Stress Conditions. Agronomy
2019, 9, 306. [CrossRef]

33. Rouphael, Y.; Colla, G. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 2021, 11, 40. [CrossRef]

http://doi.org/10.1016/j.micres.2020.126690
http://doi.org/10.3389/fmicb.2018.01606
http://doi.org/10.1007/s11104-014-2131-8
http://doi.org/10.1016/j.tibtech.2018.11.011
http://doi.org/10.1007/s00253-018-9173-4
http://doi.org/10.1016/j.agee.2011.01.017
http://doi.org/10.1007/s00253-009-2092-7
http://www.ncbi.nlm.nih.gov/pubmed/19568745
http://doi.org/10.1186/1475-2859-13-66
http://www.ncbi.nlm.nih.gov/pubmed/24885352
http://doi.org/10.3390/agriculture11020163
http://doi.org/10.1007/s11104-015-2727-7
http://doi.org/10.1111/1751-7915.12592
http://doi.org/10.3934/microbiol.2017.3.629
http://doi.org/10.3934/microbiol.2017.3.483
http://doi.org/10.3390/su12041386
http://doi.org/10.3389/fpls.2020.00072
http://doi.org/10.1080/01448765.2014.964649
http://doi.org/10.5296/jas.v8i2.15728
http://doi.org/10.1016/S0176-1617(11)81192-2
http://doi.org/10.1080/00103620600819917
http://doi.org/10.1016/j.geoderma.2005.07.007
http://doi.org/10.3390/agronomy9060306
http://doi.org/10.3389/fpls.2020.00040


Microorganisms 2022, 10, 1277 15 of 15

34. Nosheen, S.; Ajmal, I.; Song, Y. Microbes as biofertilizers, a potential approach for sustainable crop production. Sustainability
2021, 13, 1868. [CrossRef]

35. Schoebitz, M.; López, M.D.; Serri, H.; Aravena, V.; Zagal, E.; Roldán, A. Characterization of bioactive compounds in blueberry and
their impact on soil properties in response to plant biostimulants. Commun. Soil Sci. Plant Anal. 2019, 50, 2482–2494. [CrossRef]

36. du Jardin, P.; Xu, L.; Geelen, D. Agricultural Functions and Action Mechanisms of Plant Biostimulants (PBs) an Introduction. In
The Chemical Biology of Plant Biostimulants, 1st ed.; Geelen, D., Xu, L., Eds.; John Wiley & Sons: London, UK, 2020; pp. 1–30.

37. Rouphael, Y.; Lucini, L.; Miras-Moreno, B.; Colla, G.; Bonini, P.; Cardarelli, M. Metabolomic responses of maize shoots and
roots elicited by combinatorial seed treatments with microbial and non-microbial biostimulants. Front. Microbiol. 2020, 11, 664.
[CrossRef] [PubMed]

38. Radkowski, A.; Radkowska, I.; Bocianowski, J.; Cyplik, A.; Wolski, K.; Bujak, H. Effect of Amino Acids and Effective Microorgan-
isms on Meadow Silage Chemical Composition. Agronomy 2021, 11, 1198. [CrossRef]

39. Turmuktini, T.; Kantikowati, E.; Natalie, B.; Setiawati, M.; Yuwariah, Y.; Joy, B.; Simarmata, T. Restoring the health of paddy soil
by using straw compost and biofertilizers to increase fertilizer efficiency and rice production with SOBARI (System of Organic
Based Aerobic Rice Intensification) technology. Asian J. Agric. Rural Dev. 2012, 2, 519–526.

40. Makino, A. Photosynthesis, grain yield, and nitrogen utilization in rice and wheat. Plant Physiol. 2011, 155, 125–129. [CrossRef]
41. Sosnowski, J.; Jankowski, K.; Wisniewska-Kadzajan, B. Effect of growth regulator Kelpak SL on the formation of aboveground

biomass of Festulolium braunii (K. Richt.) A. Camus. Acta Agrobot. 2013, 66, 149–154. [CrossRef]
42. Pan, W.L.; Kidwell, K.K.; McCracken, V.A.; Bolton, R.P.; Allen, M. Economically Optimal Wheat Yield, Protein and Nitrogen Use

Component Responses to Varying N Supply and Genotype. Front. Plant Sci. 2020, 10, 1790. [CrossRef]
43. Ciccolini, V.; Pellegrino, E.; Coccina, A.; Fiaschi, A.I.; Cerretani, D.; Sgherri, C.; Quartacci, M.F.; Ercoli, L. Biofortification with

iron and zinc improves nutritional and nutraceutical properties of common wheat flour and bread. J. Agric. Food Chem. 2017, 65,
5443–5452. [CrossRef]

44. Singh, B.R.; Timsina, Y.N.; Lind, O.C.; Cagno, S.; Janssens, K. Zinc and iron concentration as affected by nitrogen fertilization and
their localization in wheat grain. Front. Plant Sci. 2018, 9, 307. [CrossRef]

45. Sobolewska, M.; Wenda-Piesik, A.; Jaroszewska, A.; Stankowski, S. Effect of habitat and foliar fertilization with k, zn and mn on
winter wheat grain and baking qualities. Agronomy 2018, 10, 276. [CrossRef]

46. Piotrowska, A.; Długosz, J.; Zamorski, R.; Bogdanowicz, P. Changes in some biological and chemical properties of an arable soil
treated with the microbial biofertilizer UGmax. Pol. J. Environ. Stud. 2012, 21, 455–463.

47. De Pascale, S.; Rouphael, Y.; Colla, G. Plant biostimulants: Innovative tool for enhancing plant nutrition in organic farming. Eur.
J. Hortic. Sci. 2017, 82, 277–285. [CrossRef]

48. Lin, W.; Lin, M.; Zhou, H.; Wu, H.; Li, Z.; Lin, W. The effects of chemical and organic fertilizer usage on rhizosphere soil in tea
orchards. PLoS ONE 2019, 14, e0217018. [CrossRef] [PubMed]

49. Plett, D.C.; Ranathunge, K.; Melino, V.J.; Kuya, N.; Uga, Y.; Kronzucker, H.J. The intersection of nitrogen nutrition and water use
in plants: New paths toward improved crops productivity. J. Exp. Bot. 2020, 71, 4452–4468. [CrossRef]

50. Gregory, A.S.; Dungait, J.A.; Watts, C.W.; Bol, R.; Dixon, E.R.; White, R.P.; Whitmore, A.P. Long-term management changes
topsoil and subsoil organic carbon and nitrogen dynamics in a temperate agricultural system. Eur. J. Soil Sci. 2016, 67, 421–430.
[CrossRef]

51. Kaš, M.; Muhlbachova, G.; Kusa, H.; Pechova, M. Soil phosphorus and potassium availability in long-term field experiments with
organic and mineral fertilization. Plant Soil Environ. 2016, 62, 558–565. [CrossRef]

52. Ma, T.; Bai, Y.; Ruan, X. Soil phosphorus composition, loss risk and contribution to the aquatic environment in a typical agricultural
area. Water Qual. Res. J. 2021, 56, 111–125. [CrossRef]

53. Tian, J.; Ge, F.; Zhang, D.; Deng, S.; Liu, X. Roles of Phosphate Solubilizing Microorganisms from Managing Soil Phosphorus
Deficiency to Mediating Biogeochemical P Cycle. Biology 2021, 10, 158. [CrossRef]

54. Pukalchik, M.; Kydralieva, K.; Yakimenko, O.; Fedoseeva, E.; Terekhova, V. Outlining the Potential Role of Humic Products in
Modifying Biological Properties of the Soil—A Review. Front. Environ. Sci. 2019, 7, 80. [CrossRef]

55. Nardi, S.; Schiavon, M.; Francioso, O. Chemical structure and biological activity of humic substances define their role as plant
growth promoters. Molecules 2021, 26, 2256. [CrossRef]

56. Hungria, M.; Franchini, J.C.; Brandao-Junior, O.; Kaschuk, G.; Souza, R.A. Soil microbial activity and crop sustainability in a
long-term experiment with three soil-tillage and two crop-rotation systems. Appl. Soil Ecol. 2009, 42, 288–296. [CrossRef]

57. Lange, M.; Eisenhauer, N.; Sierra, C.A.; Bessler, H.; Engels, C.; Griffiths, R.I.; Gleixner, G. Plant diversity increases soil microbial
activity and soil carbon storage. Nat. Commun. 2015, 6, 6707. [CrossRef] [PubMed]

58. Baveye, P.C.; Wander, M. The (bio)chemistry of soil humus and humic substances: Why is the “new view” still considered novel
after more than 80 years? Front. Environ. Sci. 2019, 7, 27. [CrossRef]

59. Valarini, P.J.; Díaz Alvarez, M.C.; Gascó, J.M.; Guerrero, F.; Tokeshi, H. Assessment of soil properties by organic matter and
EM-microorganism incorporation. Rev. Bras. Cienc. Solo 2003, 27, 519–525. [CrossRef]
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