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Abstract: Maize is considered to be one of the most significant crops in the world. On a
global scale, the appropriate yield level of food can largely affect food security. During
cultivation, this plant is exposed to many adverse environmental factors, including water
deficiency. Plant stress is reduced by applying appropriate biostimulants or soil amend-
ments. This study tested the effectiveness of preparations based on Rhizophagus irregularis,
humic acids, Bacillus velezensis + Bacillus licheniformis and Methylobacterium symbioticum.
The aim of the project was to assess the effect of selected microorganisms and substances
on the growth, yield, and physiological parameters of maize. The hypothesis assumed
that the preparations selected for this study could improve the condition of the plants in
various soil moisture conditions. All treatments were carried out post-emergence. The ex-
periments were conducted in greenhouse conditions, where, in conditions of different level
of soil moisture, optimal and water deficiency, the effect of the above-mentioned substances
and microorganisms on the height, mass of plants, and plant chlorophyll fluorescence
was determined. Chlorophyll, anthocyanin, and flavonol content were also measured. In
two-year field studies, the effect of the same preparations on plant height, grain yield,
thousand-grain weight, oil, protein, and starch content in the grain was determined. It was
shown that appropriately selected biostimulants have a positive effect on plant growth,
physiological parameters, and the yield of maize grain. The impact of preparations on the
grain yield depended on the conditions that prevailed in the growing season.

Keywords: Bacillus sp.; humic acids; Methylobacterium symbioticum; Rhizophagus sp.; soil
moisture conditions

1. Introduction

Yield of crops is influenced by a number of factors, including the selected variety, the
intensity of diseases, pests, and weeds [1,2]. Habitat factors, such as water availability
or temperature [3], are also important. Throughout the entire period of development,
plants are exposed to many stresses, both biotic and abiotic. One of the most common
stresses worldwide is drought [4]. Nitrogen deficiency may also be a factor limiting crop
yields [5]. In many areas used for agriculture, the content of organic matter and the
occurrence of microorganisms in the soil have been disturbed, among other things, by
intensive cultivation, use of fertilizers, and pesticides [6]. In order to improve the condition
of the plants, biostimulants and soil amendments are increasingly used. The research on
such substances is largely conducted in the case of the most economically important plant
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species, including maize [7,8]. Maize can be used for various purposes—food production,
animal feed, energy production, or even textile production [9,10]. The largest producers of
this plant are the United States, China, and Brazil [11]. Research is being conducted on the
possibility of improving the condition of this species by using various preparations based
on bacteria, fungi, and humic acids [12]. Nowadays, more and more of such preparations
are available. It is important to study the effect of biostimulants and soil amendments in
different soil and climatic conditions to determine their influence on plant development in
different regions of the world.

Rhizophagus sp. fungi (previously called Glomus sp.) are microorganisms that can form
arbuscular mycorrhiza (AM) with plant roots [13]. The process involves the mycelium
penetrating the interior of plant root cells [14]. The possibility of this type of mycorrhiza
occurring is noted for 80% of land plant species in the world. In this symbiosis, the fungus
obtains sugar from the roots of the host plant, and the plant has a better ability to absorb
water and nutrients [15]. The use of mycorrhiza contributes to better plant nutrition and
increased resistance to stress [16]. Moreover, during AM formation, various proteins are
secreted, including glomalin, which has a positive effect on the chemical and physical
properties of the soil [17]. The occurrence of mycorrhizal fungi varies depending on
the habitat [18]. Therefore, they are commonly used in the form of preparations used
in agriculture [19].

Humic acids consist of a mixture of weak organic acids, both aliphatic (carbon chains)
and aromatic (carbon rings) [20]. They have a beneficial effect on the water capacity of
the soil and the capacity for cation exchange, promote the availability of nutrients, and
improve the growth of plant roots and shoots [21]. Due to their high carbon content, they
have a beneficial effect on the development of soil microorganisms [22]. Humic substances
contribute to reducing the sensitivity of plants to environmental stresses, and reduce the
adverse effects of soil salinization [23,24]. They are classified as both biostimulants and soil
amendments [25,26]. The multidirectional effects of humic substances mean that the global
market for preparations based on them is constantly growing. They are available in various
forms—Iliquid, powder, granule, and flakes [27,28].

The microorganisms increasingly used in agriculture are bacteria of the genus Bacillus.
They are applied both to stimulate plant growth and to protect them against diseases and
pests [29]. They are also applied to increase plant tolerance to abiotic and biotic stresses.
Microorganisms of the genus Bacillus are classified as plant growth-promoting rhizobacteria
(PGPR) [30,31]. One of the species used in agriculture is Bacillus velezensis. Different
strains of this bacterium produce secondary metabolites, such as surfactin, bacillibactin,
bacillomycin D, and fengycin, acting antagonistically towards pathogens [32]. Volatile
compounds of these gram-positive bacteria have also been discovered, which activate
induced systemic resistance (ISR) and support plant growth [33]. Bacillus licheniformis
has significant properties for growth-promoting activity. It produces large amounts of
physiologically active gibberellins [34], and has the ability to assimilate nitrogen and reduce
this component to forms available to plants. B. licheniformis bacteria are considered to be
capable of siderophore biosynthesis and phosphate solubilization [35].

Bacteria of the genus Methylobacterium spp., known as pink-pigmented methylotrophic
bacteria (PPFMs), use methanol as a source of energy and carbon [36]. This substance is
released during plant growth, which allows for their colonization by the above-mentioned
microorganisms [37]. They can penetrate plants through stomata [38]. An example of
bacteria belonging to this genus is Methylobacterium symbioticum [39]. The bacterium,
thanks to the nitrogenase enzyme, converts atmospheric nitrogen (N) into ammonium
(NH4") [40]. The transformed nitrogen is used for the synthesis of nucleic acids and plant
proteins [41]. The use of this type of bacteria may reduce the use of mineral fertilizers.
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Searching for alternative sources of nitrogen is important due to the expected increase in
environmental pollution with fertilizers, which is a consequence of the greater demand for
food [42]. An additional motivation for research on the efficacy of bacteria is the unstable
prices of nitrogen fertilizers caused, among others, by the increase in the price of natural
gas, which is needed for their production [43].

The aim of this study is to evaluate the efficacy of biostimulants and soil amendments
based on microorganisms and humic acids on the growth, physiological parameters, and
yield level of maize.

2. Results
2.1. Greenhouse Research

Of the studied parameters, the moisture conditions of the soil have significantly con-
tributed statistically to a decrease in the height of plants (by 4.7 cm), variable fluorescence
(by 45.4 unit), maximum fluorescence (by 42.1 unit), and maximum quantum yield of
PSII photochemistry (by 0.011 unit). They have also led to an increase in the value of
minimal fluorescence (by 3.4 unit) and the content of anthocyanins (by 0.007 unit). The
moisture conditions of the soil did not have a statistically significant effect on the content
of chlorophyll and flavonols in the leaves (Table 1).

Table 1. Impact of moisture conditions of soil on parameters assessed in greenhouse conditions.

Moisture Conditions

No. Feature Optimum Drought
1. Height 80.6 a 759b
2. ChIM 0.57 a 0.60 a
3. FlvM 0.32a 0.34a
4. AnthM 0.024 b 0.031 a
5. Foy 202.2b 205.6 a
6. Fv 843.8 a 7984Db
7. Fm 1046.0 a 1003.9b
8. Fv/Fm 0.806 a 0.795 b

Means followed by the same letter in the line do not differ according to Tukey’s HSD test at =0.05;
height—cm; ChlM, FlvM, AnthM—absolute unit; Fy, Fv, Fm, Fv/Fm—not-nominated units; ChIM—chlorophyll
content, FlvM—flavonol content, AnthM—anthocyanin content, Fp—minimal fluorescence of dark-adapted state,
Fv—variable fluorescence, Fm—maximum fluorescence of dark-adapted state, Fv/Fm—maximum quantum yield
of PSII photochemistry.

The use of preparations based on Rhizophagus irregularis, humic acids, and
Bacillus velezensis + Bacillus licheniformis has contributed to a statistically significant in-
crease in plant height. The lowest flavonol content was recorded after the use of humic
acids and Methylobacterium symbioticum. The lowest value of anthocyanins was found for a
combination in which Methylobacterium symbioticum was applied. Individual preparations
did not have a statistically significant impact on the chlorophyll content and the parameters
of fluorescence chlorophyll (Table 2).

The soil moisture conditions interaction with the preparations used was statisti-
cally important (p < 0.05) in the case of FIvM, AnthM content, and Fy. This indi-
cates that the impact of preparations changed depending on the humidity conditions
(Figure 1). Flavonol content values were lower in the conditions of optimal soil mois-
ture and after the use of humic acids, Bacillus velezensis + Bacillus licheniformis, and
Methylobacterium symbioticum. In the case of AnthM, higher values of this parameter
were found in the conditions of drought, while in combinations with optimal humidity
conditions were lower and decreased after the use of biostimulants. The moisture condi-
tions of the soil also affected the effects of preparations expressed by the values of the F
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parameter. Higher Fj values in the conditions of optimal soil moisture were obtained only
after the use of humic acids and Methylobacterium symbioticum; however, within individual
humidity conditions, no statistically significant differences were found between individual
variants of preparations for this parameter within individual soil hydration conditions.
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Figure 1. Effect of moisture conditions and preparations on flavonols (FIvM) (a), anthocyanins
(AnthM) (b), and minimal fluorescence (F) (c); C—untreated check, R.i.1—Rhizophagus irreqularis (1),
R.i.2—Rhizophagus irregularis (2), H.a.—humic acids; B.v. + B.l.—Bacillus velezensis + Bacillus licheniformis,
M.s.—Methylobacterium symbioticum.
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Table 2. Impact of biostimulants and soil amendments on parameters assessed in greenhouse

conditions.
No. Preparation Height ChiM FlvM AnthM Fo Fv Fm Fv/Fm
1. Untreated check 75.0b 0.54 a 040 a 0.033 a 202.6 a 809.4 a 1012 a 0.799 a
2. Rhizophagus irregularis (1) 80.2a 0.60 a 0.35ab  0.028ab  202.8a 822.1a 1025 a 0.801 a
3. Rhizophagus irregularis (2) 793 a 0.61a 0.35ab  0.028ab  201.1a 8152 a 1016 a 0.802 a
4. Humic acids 794 a 0.58 a 027 ¢ 0.028ab  2059a 831.8a 1038 a 0.801 a
5. Bacillus velezensis + 80.7a  0.60a  032abc 0.028ab 2051a 8254a  1031a  0.800a
Bacillus licheniformis
6. Methylobacterium symbioticum 752b 0.59 a 0.29 be 0.021b 2059 a 822.8a 1029 a 0.799 a
Means followed by the same letter in the line do not differ according to Tukey’s HSD test at =0.05; height—cm;
ChlM, FlvM, AnthM—absolute unit; Fy, Fv, Fm, Fv/Fm—not-nominated units, ChIM—chlorophyll con-
tent, FlvM—flavonol content, AnthM—anthocyanin content, F0—minimal fluorescence of dark-adapted state,
Fv—uvariable fluorescence, Fm—maximum fluorescence of dark-adapted state, Fv/Fm—maximum quantum yield
of PSII photochemistry.
2.2. Field Research
In 2022, none of the preparations used had a statistically significant effect on
grain yield, 1000 kernel weight, and hectoliter weight. In 2023, the application of
Rhizophagus irregularis (2), humic acids, and Bacillus velezensis + Bacillus licheniformis
contributed to a statistically significant increase in grain yield by 1.3, 0.8, and 0.9 t ha~!,
respectively, compared to the control. None of the preparations had a statistically significant
effect on 1000 kernel weight and hectoliter weight (Table 3). During both years of this study,
the use of biostimulants and soil amendments had no statistically significant effect on the
content of protein, oil, and starch in the maize grain (Table 4).
Table 3. Impact of biostimulants and soil amendments on grain yield, 1000 kernel weight, and
hectoliter weight.
Yield TKW HLW
No. Biostimulant [tha—1] lg] kg 100 L]
2022 SE 2023 SE 2022 SE 2023 SE 2022 SE 2023 SE
1. Untreated check 9.2a 0.38 124 ¢ 0.14 283.7 a 3.36 379.6 a 1.20 66.7 a 0.31 69.1a 0.68
2. Rhizophagus irregularis (1) 95a 0.15 12.6 ¢ 0.08 292.6 a 5.64 3764 a 5.14 67.0 a 0.05 70.2 a 0.77
3. Rhizophagus irreqularis (2) 92a 0.15 13.7 a 0.10 2874 a 2.99 376.5a 5.16 67.0 a 0.36 712 a 0.35
4. Humic acids 94a 0.14 13.2 ab 0.17 2859 a 1.99 3732a 3.77 67.0 a 0.31 712 a 0.54
5. Bacillus velezensis + 99a 015 133a 007 2954a 256 3767a 231 666a 015 705a  0.86
Bacillus licheniformis
6.  Methylobacterium symbioticum ~ 99a 040  12.7bc 011 2963a 3.08 3743a 234 661a 031 701a 074
TKW: 1000 kernel weight; HLW: hectoliter weight; SE: standard error. Mean followed by the same letter in the
column do not differ according to Tukey’s HSD test at =0.05.
Table 4. Impact of biostimulants and soil amendments on proteins, oil, and starch in maize grain.
Content %
No. Biostimulant Protein Qil Starch
2022 SE 2023 SE 2022 SE 2023 SE 2022 SE 2023 SE
1. Untreated check 11.8a 0.23 12.1a 0.19 35a 0.06 3.6a 0.06 69.1 a 0.19 70.2 a 0.12
2. Rhizophagus irregularis (1) 123 a 011 123a 0.36 3.6a 0.04 3.6a 0.04 689a 028 700a 0.05
3. Rhizophagus irreqularis (2) 115a 0.30 11.7a 028 35a 0.03 3.6a 0.03 69.4a 0.29 703a  0.19
4. Humic acids 11.7 a 0.15 119a 0.19 3.6a 0.02 3.6a 0.01 69.0 a 0.30 70.4 a 0.10
5. Bacillus velezensis + 120a 053 121a 049 36a 002 37a 003 687a 02 701a 021
Bacillus licheniformis
6. Methylobacterium symbioticum 114 a 019 11.0a 0.33 35a 0.02 3.6a 0.04 694a 017 704a 013

SE: standard error. Mean followed by the same letter in the column do not differ according to Tukey’s HSD test
at =0.05.



Plants 2025, 14, 1274

6 of 15

3. Discussion

Biostimulants and substances improving soil properties are increasingly used across
the world. During research on their effectiveness, it is worth examining their various
functions, impact on individual aspects of plant functioning, and their final reflection on
the level of plant yield. It is worth noting that individual preparations of this type may
differ significantly from each other [44]. Therefore, research should be conducted on their
effectiveness on various plants, and in different environmental conditions.

The use of individual substances and microorganisms contributed to the decrease
in the content of flavonols. These substances are one of the subclasses of flavonoids [45].
In the studies conducted by Ertani et al. [46], it was found that subjecting maize to salt
stress contributed to the increase in the content of flavonoids in the plants, which indicates
that these pigments are antioxidants involved in the response to stress. The synthesis of
flavonols may occur more effectively under conditions of chlorophyll degradation [47]. In
the obtained results, the use of biostimulants allowed for chlorophyll levels to be maintained
at a constant level, which could limit the formation of flavonols. The occurrence of stress in
plants may also lead to the accumulation of anthocyanins in leaves [48]. These substances
contribute to maintaining the homeostasis of reactive oxygen species in plant cells. Water
deficiency is one of the factors causing the accumulation of anthocyanins in plants [49].
Such a relationship was also found in the greenhouse experiment—in combinations where
plants were subjected to drought stress and biostimulants were used, a higher content of
anthocyanins was found than in analogous combinations where plants were optimally
watered. Water deficiency in the soil influenced the increase in the level of anthocyanins.
In the studies conducted by Franzoni et al. [50], the use of herbicides contributed to the
increase in the content of anthocyanins in soybean leaves, and the additional application of
biostimulant raw materials had a varied effect on their amount. A deficiency of nutrients
may also contribute to the accumulation of these pigments in the leaves [51]. This explains
the decrease in their content in plants on which biostimulants were applied in conditions
of optimal humidity.

Water shortages in the soil had an impact on a decrease in the height of plants, variable
fluorescence, maximum fluorescence, and maximum quantum yield of PSII photochemistry.
They also led to an increase in the value of minimal fluorescence. A higher value of
Fy indicates a reduced efficiency of energy transfer or energy absorption by PSII [52].
Plant growth in drought conditions also led to a decrease in the values of maximum
fluorescence and variable fluorescence. Hazrati et al. [53] also found that subjecting plants
to stress resulting from water deficiency can lead to a decrease in the values of Fm and
Fv parameters. Badr and Briiggemann [54], in their studies, determined the effect of
drought on the maximum quantitative yield of PSII photochemistry for different maize
genotypes. In the context of all genotypes, lower values of this parameter were noted
more in drought conditions than in optimal conditions. Also, in our own studies, higher
values of this parameter were found in the variant in which watering was not stopped.
These physiological parameters reflect the condition of the plants. The results obtained in
greenhouse conditions may also explain the lower yields recorded in 2022, when rainfall
levels were much lower than in 2023. The use of biostimulants did not have a statistically
significant effect on the chlorophyll fluorescence parameters. In the studies conducted by
Radzikowska-Kujawska et al. [55], it was also found that the use of some biostimulants did
not affect the selected chlorophyll fluorescence parameters, but had a beneficial effect on
the plant growth. Not all biostimulants directly affect the functioning of the photosynthetic
apparatus, but ultimately have a beneficial effect on plant growth, which is why it is worth
performing various measurements when testing this type of preparation.
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In a greenhouse study, it was found that the use of preparations based on
Rhizophagus irregularis, humic acids, and Bacillus velezensis + Bacillus licheniformis con-
tributed to a statistically significant increase in plant height. In field conditions, it was
checked that substances and microorganisms also affected the yield of maize in 2023. In the
first year of field tests, none of the preparations used contributed to a statistically significant
increase in maize yield. It is worth noting that, in the 2022 growing season, there were
significant water shortages throughout the entire period of crop development. Drought
is one of the factors that most limits the level of maize yield in the world [56,57]. Most of
the preparations used improve the condition of plants in conditions of water shortage, but
extreme water shortage does not allow for them to work effectively. De Clercq et al. [58] also
tested various biostimulants in their studies and found that the level of water shortage and
its frequency affected their effectiveness. In the year 2023, periodic water shortages were
also observed, but the total amount of rainfall was then higher, including at the beginning
of the corn vegetation period. During this period, most of the preparations used had a
significant impact on the level of maize yield.

In the conducted studies, it is worth paying attention to two combinations in which
Rhizophagus irregularis was used. These microorganisms were in preparations of different
formulations, and they were also characterized by a different concentration of spores. In
the case of biostimulants, it is worth noting that the appropriate formulation affects their
effectiveness [59]. In the studies conducted by Stoffel et al. [60], the use of arbuscular
mycorrhiza contributed to an increase in the yield level of maize. Amerian et al. [61]
also proved the positive effect of AM on the physiological parameters of the discussed
plant and its delayed wilting. Another preparation used in the own experiment was
based on humic acids. The application of this type of biostimulator contributed to an
increase in the yield level and plant height of maize grown in greenhouse conditions,
as well as a decrease in flavonol levels. In the studies conducted by Rahouma [62],
it was also found that the application of this type of substance contributed to an in-
crease in the yield level of maize. Additionally, the results of the studies obtained by
Guo et al. [63] indicated that the use of HA together with controlled-release fertilizer re-
sults in better nitrogen utilization by the plant and leads to increased yield, while at the
same time reducing greenhouse gas emissions. Application of the preparation containing
two Bacillus strains also had a positive effect on the development of the test plants—the
height of plants grown in greenhouse conditions and their yield level in 2023. In the work
of Zhang et al. [64], a positive effect of Bacillus velezensis on the growth of maize was de-
scribed. A positive effect of these bacteria was also described, among others, on inorganic
phosphorus solubilization, potassium solubilization, and nitrogen fixation determined in
laboratory conditions. The use of Bacillus licheniformis in the studies of Akhtar et al. [65]
contributed to an increase in root mass and improved water use efficiency by maize. The
results of the studies obtained by Kulimushi et al. [66] also indicate that the use of Bacillus
bacteria may have a stimulating effect on plant growth, while at the same time having a
positive effect on the health of maize. In our studies, no disease infection of the plants
was observed, so this parameter was not considered. The use of a preparation based on
Methylobacterium symbioticum did not have a statistically significant effect on the growth
and yield level of maize grown in greenhouse conditions. In the conducted studies, the
experimental factor taken into account was the moisture content of the substrate, and
different levels of nitrogen fertilization were not taken into account. In the work of Torres
Vera et al. [40], the use of the above-mentioned bacteria with various dosing of fertilizers
showed that the application of Methylobacterium symbioticum allows for an increase in plant
yield at reduced N doses, but it was not noticed at higher amounts of nitrogen. The results
obtained in our own studies indicate that at a constant level of fertilization, the application
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of microorganisms did not contribute to the increase in the above-mentioned features.
Nevertheless, it should be noted that the use of given microorganisms will not be reflected
in their effectiveness in all conditions [67].

The occurrence of drought contributes, among other things, to disturbances in the
transport of nutrients in the plant. The stomata close to limit transpiration, which nega-
tively affects the availability of carbon dioxide, and is used in the photosynthesis process.
All of the above-mentioned aspects contribute to limitations in plant growth and their
functioning, which could be observed in the described measurements. The use of biostimu-
lants improves plant nutrition, which alleviates many of the negative aspects of drought in
plants. Therefore, after the use of test preparations, an improvement in plant growth was
observed compared to the control.

4. Materials and Methods
4.1. Greenhouse Research

The research was conducted in the greenhouse of the Faculty of Agriculture, Horticul-
ture, and Biotechnology of the Poznan University of Life Sciences. The photoperiod in the
greenhouse was kept at the constant level of 8 h night/16 h day. Sunlight was automatically
supplemented with LED lamps (light source luminous flux 780 Im). Air humidity was
maintained at the level 50-80%. The air temperature was in the range 25 £ 2 °C during the
day and 20 £ 2 °C during the night.

The experiment used a universal substrate made of frozen peat. Maize grain (Farmoritz
variety) was sown into pots with a volume of 1.0 L. Then, the pots with sown grain were
placed in water until the soil reached its full water capacity. After this time, all the research
objects were watered with an equal amount of water at intervals of two days. After the
maize emerged, three plants were left in each pot.

When the plants were in the 2-3 leaves or 4-5 leaves stage, individual prepara-
tions were applied. In the control combination, no test preparation was used. In
the subsequent variants, the following were used: liquid formulation containing
245 spores gram ™! of Rhizophagus irregularis (another name Glomus intraradices)—called
Rhizophagus 1 (Poznan University of Life Sciences, Poznani, Poland); solid formulation of
Rhizophagus irreqularis—minimum concentration 270 spores g~ !—called Rhizophagus 2
(Poznan University of Life Sciences, Poznan, Poland); Ferti Agro Humic—total humic
extract—85% w/w, humic acids—70% w/w, fulvic acids—15% w/w, K,O—9% w/w
(Wialan Technologies, Inc., Tarnéw, Poland); plo-N BIO LIDER—Bacillus velezensis +
Bacillus licheniformis—a composition based on bacteria of the genus Bacillus at a con-
centration of 1 x 108 JTK /mL (SCANDAGRA Polska Sp. z o.0., Zotedowo, Poland);
BlueN—Methylobacterium symbioticum SB23—total bacteria count >107 jtk g~! (Corteva
Agriscience Poland Sp. z 0.0., Warsaw, Poland). The doses of the preparations are given
in Table 5. Rhizophagus irreqularis and humic acids act through the soil, which is why
they were applied when the leaves did not cover much of its surface. Bacillus velezensis +
Bacillus licheniformis and Methylobacterium symbioticum can be taken up through the leaves,
which is why they were applied when the surface of the leaf blades was larger. The treat-
ment was performed using a laboratory sprayer. The spray liquid output was 200 1 ha~! at
a pressure of 0.2 MPa. Tee Jet 1102 nozzles were used, which were placed 50 cm above the
sprayed surface.
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Table 5. Scheme of the conducted research.
No. Preparation Abbreviation  Dose (kg ha—1) Maize Development Stage

1 Untreated check C - -

2 Rhizophagus irregularis (1) Ri1 0.25L 2-3 leaves
3 Rhizophagus irregularis (2) Ri2 0.2kg 2-3 leaves
4 Humic acids H.a. 1.0 kg 2-3 leaves
5 Bacillus velezensis + Bacillus licheniformis B.v. + Bl 05L 4-5 leaves
6 Methylobacterium symbioticum M.s. 0.333 kg 4-5 leaves

Seven days after the application of all the preparations, the objects were divided
into two groups—optimal soil moisture and drought. Four repetitions were performed
for all treatments, separately for optimal soil hydration and drought. From that time on,
plants marked as “drought” were watered with half the amount of water compared to the
optimum soil moisture, and after four days, watering of the drought pots was stopped. As
the effects of drought on the plants became visible, soil moisture was measured. Soil volume
moisture was measured using a probe (ThetaProbe, Royal Eijkelkamp, The Netherlands).
The average soil moisture for drought was 4.6% by volume and 29.9% by volume for
optimal soil moisture. After obtaining such soil moisture level, measurements were started.

In the greenhouse studies, plant height, chlorophyll fluorescence parameters, and leaf
pigment content were measured. The height of all plants was measured. The height of the
above-ground part was measured using a ruler with an accuracy of 1 mm. Chlorophyll
fluorescence measurements were performed using a modulated fluorometer measures
FV/FM (OS5p, Opti-Sciences, Inc., Hudson, NH, USA). The study was performed on the
youngest, fully developed leaves. Before the measurement, the leaves were subjected to
dark adaptation for 30 min using white darkening clips. According to the instructions
for the measuring device, the parameters were set so that the fluorescence signal was in
the range of 150-250 units and was stable. The parameters assessed were: Fp—minimal
fluorescence, Fv—rvariable fluorescence, Fm—maximum fluorescence, Fv/Fm—maximum
quantum yield of PSII photochemistry. Chlorophyll, anthocyanin and flavonol contents
were determined using an MPM-100 Multi Pigment Meter (Opti-Sciences, Inc., Hudson, NH,
USA). For the above parameters, two measurements were performed for each repetition.

4.2. Field Research

The field experiment was carried out in the Research and Education Center in Brody,
belonging to the Poznan University of Life Sciences (52.435906, 16.290538) in Poland, in
2022 and 2023. Farmoritz variety maize was sown on 28 April 2022, and 5 May 2023, to a
depth of 4 cm, with a row spacing of 70 cm. Each plot had an area of 22.5 m2. The light soil
at this site had a pH level of 6.9. The organic matter content was 1.4%. The experiment was
conducted in a randomized design. Four replications were performed for each treatments.
In both years, the forecrop for maize was cereals.

The characteristics of precipitation and thermal conditions are presented for decades
and for whole months using the Sielianinow’s hydrothermal index calculated according to
the following formula:

where:
2t is sum of air temperatures >0 °C
P is sum of atmospheric precipitation in mm
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k is Sielianinow’s hydrothermal index

The results of the calculated Sielianinow’s hydrothermal index were presented for
nine classes, in accordance with the following methodology developed by Skowera
and Putla [68]:

Very humid: 2.5 <k <3.0
Very dry: 0.4 <k < 0.7
Slightly humid: 1.6 <k <2.0
Slightly dry: 1.0 <k < 1.3
Optimum: 1.3 <k <1.6
Humid: 2.0<k <25
Extremely humid: k > 3.0
Extremely dry: k < 0.4

e Dry:07<k<1.0

The values of Sielianinow’s hydrothermal index and rainfall level for the years of the
study are presented in Table 6.

Table 6. Sielianinow’s hydrothermal index (S. index) and rainfall (mm) for 2022 and 2023.

Month Decade of the Month Average for
onths 1 I 11 the Month
2022
S. index 4.2 1.6 0.0 14
April
rainfall 20.6 12.1 0.0 32.7
S. index 0.6 0.7 0.6 0.6
May
rainfall 8.2 11.4 9.2 28.8
S. index 0.9 1.7 0.4 0.9
June -
rainfall 14.9 31.7 9.4 56.0
S. index 0.5 0.5 0.4 0.5
July -
rainfall 8.6 9.5 9.3 27.4
S. index 0.0 0.7 1.2 0.6
August
rainfall 0.0 17.3 24.8 421
S. index 1.1 0.7 0.5 0.8
September -
rainfall 17.8 9.4 55 32.7
S. index 0.3 1.1 0.7 0.7
October rainfall 39 12.0 10.1 26.0
Total rainfall 245.7
2023
S. index 2.1 4.6 0.5 2.3
April -
rainfall 9.6 40 4.7 54.3
S. index 1.7 1.0 0.6 1.0
May
rainfall 18.6 13.2 9.5 41.3
S. index 0.0 0.3 14 0.6
June -
rainfall 0.0 6.1 28.7 34.8
S. index 04 0.5 2.0 1.0
July

rainfall 8.0 11.6 37.0 56.6
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Table 6. Cont.

Months Decade of the Month Average for
I II 111 the Month
S. index 5.6 0.9 2.2 2.7
August
rainfall 95.6 19.7 39.9 155.2
S. index 0.0 0.3 0.6 0.2
September -
rainfall 0.0 52 6.7 11.9
S. index 1.6 14 5.3 2.8
October rainfall 20.8 143 60.1 952
Total rainfall 449.3

Phosphorus and potassium were applied in the autumn of the year preceding the
maize sowing at the dose of 50 and 75 kg ha~!. In the spring, before sowing the crop, 90 kg N
ha~! was applied. In the 6-7 leaves stage of maize, the second dose of nitrogen was applied
at 60 kg ha~!. Fertilizer doses were adjusted to soil fertility and plant needs. Plant protec-
tion products were applied in accordance with the recommendations in force in Poland.
Rhizophagus irreqularis (1), Rhizophagus irregularis (2), humic acids, Bacillus velezensis +
Bacillus licheniformis, and Methylobacterium symbioticum were applied at the same doses
and times, as given in Table 5. The crops were harvested on 17 October 2022 and
16 October 2023, and converted to 15% grain moisture. Grain yields were calculated per
area of 1 hectare. Protein, oil, and starch contents of the grain were determined using a
Foss Infratec 1241 analyser (FOSS, Hillered, Denmark). The weight of 1000 grain kernels
(TKW) and the mass of 1 hectoliter (HLW) were also tested.

4.3. Statistical Analysis

Statistical analysis. A one-way ANOVA analysis of variance was used to verify if
there were statistically significant differences in the means between groups in the field
experiment. Before analysis, the Shapiro-Wilk test was used to confirm that the distribution
of results in the analyzed data was close to normal. The assumption of homogeneity of
variance was evaluated using Levene’s test. If the results indicated that the assumption
of homogeneity of variance was not fulfilled, Welch’s test was applied, which introduced
corrections for unequal variances. The effect of a given factor on the variables, which in
the experiment were the preparations used, was analyzed using an ANOVA analysis of
variance. The null hypothesis assumed that the means in all groups were equal, and that
there were no statistically significant differences among them. In instances where the results
of the ANOVA test were statistically significant, the null hypothesis was rejected and it
was presumed that the value in at least one of the groups differed from the others. A Tukey
HSD post hoc test was conducted to determine which group averages were statistically
significantly different from one another. In the greenhouse experiment, two factors were
analyzed: moisture conditions (optimum and drought) and preparations (control and
5 preparations) A two-factor analysis of variance was employed to identify the potential
impact of the two factors on the traits. The outcomes of the analysis are presented separately
for each of the two factors. The cases where an interaction between moisture conditions
and the preparations used were confirmed are presented as graphs.
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5. Conclusions

Maize is one of the most important crops in the world, which is why research on
counteracting drought in this crop is important from the point of view of agricultural
science and practice. The solution that can reduce the adverse impact of environmental
factors is the use of appropriate biostimulants and soil amendments. The conducted studies
used preparations containing Rhizophagus irregularis, humic acids, Bacillus velezensis +
Bacillus licheniformis, and Methylobacterium symbioticum. In greenhouse conditions, it was
shown that drought contributed to the deterioration of the condition and growth of plants.
Most of the parameters used had a beneficial effect on the height of the plants, and also
contributed to a decrease in the value of anthocyanins and flavonols. In field studies,
the effect of biostimulants and soil amendments depended on the conditions prevailing
in a given growing season. The best effects in terms of yield were noted after the use
of one of the formulations Rhizophagus irregularis, humic acids, and Bacillus velezensis +
Bacillus licheniformis. As experiments have shown, the effects of this type of preparations
are worth testing under various conditions.
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Fy minimal fluorescence of dark-adapted state
Fv variable fluorescence

Fm maximum fluorescence of dark-adapted state

Fv/Fm  maximum quantum yield of PSII photochemistry
ChiM chlorophyll content

FlvM flavonol content

AnthM  anthocyanin content

TKW 1000 kernel weight

HLW hectoliter weight

AM arbuscular mycorrhiza
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