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Abstract

Soybean (Glycine max (L.) Merr.) is a key legume with high agronomic and nutritional
value, widely cultivated for its high-protein seeds and its capability to improve soil fertility
through biological nitrogen fixation. Recently, co-inoculation strategies combining Rhizobia
bacteria with growth-enhancing fungi from the genus Trichoderma have gained increasing
attention as a way to enhance soybean productivity and resilience under variable envi-
ronmental conditions. The present study, conducted in 2023-2024, examined how seed
inoculation treatments (Bradyrhizobium japonicum and Trichoderma viride) affect soybean
productivity, seed quality, and soil biochemical changes expressed as the activity levels of
selected soil enzymes—dehydrogenases (DHA), catalase (CAT), acid phosphatase (ACP),
and alkaline phosphatase (ALP)—as well as the biological fertility index (BIF). The findings
indicated that co-inoculation positively influenced plant productivity and produced the
highest seed yields among all treatments tested, exceeding the control by 25.6%. Fur-
thermore, inoculated seeds were characterized by improved seed quality, expressed by
higher germination capacity (80%) and greater average seedling length (4.74 cm). The
bacterial strains used to inoculate soybean seeds increased soil biochemical activity and
improved fertility, particularly under unfavorable rainfall distribution during the growing
season. Co-inoculation can be recommended as an effective and environmentally friendly
element of soybean cultivation technology, supporting yield stability in variable weather
conditions. Further research is recommended in longer multi-year series and under various
habitat conditions.

Keywords: acid phosphatase; dehydrogenase activity; biological fertility index; SPAD; LAIL
productivity; seed quality; vigor

1. Introduction

Projections indicate that by 2050, the world population will reach 9.7 billion, which
will naturally lead to increased food demand [1]. In response to this challenge, food experts
suggest two fundamental strategies for reducing the food gap: a consumption-oriented
approach and a production-oriented approach [2,3]. The first is based on the premise that
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existing food production levels are sufficient to meet global demand, provided that food
losses and waste are significantly reduced, and ultimately eliminated [4,5]. The second
strategy assumes a marked expansion in agricultural crop and livestock production [6].

However, the increase in crop production stems not only from the need to meet nu-
tritional needs, but also from the growing demand for plant-derived raw materials used
outside agriculture, such as bio-oils, bioethanol, industrial starch, and energy crops [7,8].
These goals can be achieved by increasing yields and/or expanding the area under cul-
tivation. The first approach, dominant over the last 85 years, is based on intensifying
agricultural production by maximizing the yield potential of varieties and using mineral
fertilizers, plant protection products, and fuels [9]. This strategy, although effective in the
short term, leads to intensive exploitation of soil resources, resulting in nutrient depletion,
reduced fertility, and disruption of the soil’s biological balance of the soil [10,11]. The
second solution involves increasing the cultivated area; however, this requires significant
investment in improving soil properties to make land suitable for agricultural use, or in
developing alternative production systems, such as artificially grown crops, including
vertical farming [12]. It should be emphasized that in many countries, opportunities to
expand arable land are becoming increasingly limited [13]. Global agricultural producers
have driven dynamic growth in crop area, but have now stabilized it, indicating they have
reached the limits of further expansion [14]. Given the observed slowdown in yield growth
for key crops such as rice, wheat, corn, and soybeans, which remains below the required
annual level of 2.4%, it is becoming clear that current strategies will be insufficient [15].
Therefore, there is a need to develop and implement innovative, sustainable agricultural
technologies that ensure food security while simultaneously preserving environmental
resources. In this context, legume crops are playing an increasingly important role in
sustainable cropping systems due to their agronomic and environmental benefits. Among
them, soybean (Glicyne max L.) is one of the world’s most important legume crops because
of its high seed protein and oil content, making it a major source of food, animal feed, and
industrial raw materials [12]. Furthermore, as a legume capable of establishing symbiosis
with nitrogen-fixing bacteria, soybean contributes to biological nitrogen fixation, thereby
reducing the demand for mineral nitrogen fertilizers, improving soil fertility, and enhancing
the sustainability of crop production systems [13]. Owing to these agronomic, economic,
and environmental benefits, soybean has become a key component of modern crop ro-
tations and important crop for sustainable agriculture [13,14]. More broadly, legumes,
both annual and perennial, exert a comprehensive and multifaceted positive impact on
the environment by improving the physical, chemical, and biological soil conditions. The
greatest benefit of legumes is their potential to form symbiotic relationships with bacteria
of the Rhizobium and Bradyrhizobium, which fix atmospheric nitrogen. From an environ-
mental protection perspective, this symbiosis provides an alternative to the use of nitrogen
fertilizers, thereby helping to avoid environmental pollution associated with both their
production and application [16,17].

One promising technology that reduces pressure on the soil environment and plays
a crucial role in ensuring food security is the inoculation of legumes with symbiotic and
plant growth-promoting microorganisms (PGPM) [13,17]. This approach aims to reduce
the use of mineral fertilizers and plant protection products while maintaining high pro-
duction efficiency. In soybean (Glycine max L.), a key legume crop, a common agronomic
practice is the inoculation of seeds with nitrogen-fixing bacteria of the genus Bradyrhizobium.
However, the use of other groups of PGPMs in soybean production remains underde-
veloped and is still at an early stage of implementation. Co-inoculation of soybean with
Bradyrhizobium spp. strains and the arbuscular mycorrhizal fungus Glomus mosseae has been
shown to increase plant biomass, particularly under conditions of nitrogen and phosphorus
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deficiency in the soil [18]. It should be noted, however, that the commercial production
of arbuscular mycorrhizal fungi intended for use in extensive cropping systems is still
under development.

Literature analysis also indicates that strains of the genus Bacillus have been used
in co-inoculation with Bradyrhizobium japonicum, resulting in more intense nodulation
compared to plants inoculated with B. japonicum alone [19,20]. Furthermore, co-inoculation
of Bradyrhizobium spp. with Azospirillum brasilense [21] or Streptomyces griseoflavus [22] has
been shown to increase the number of nodules, biomass production, and soybean yield.

At the same time, it should be emphasized that the available literature reports co-
inoculation of soybean with the bacterium Bradyrhizobium japonicum and biocontrol fungi,
including members of the genus Trichoderma. Numerous studies focus on soybean inoc-
ulation with species such as Trichoderma harzianum [23] and Trichoderma asperelloides [24],
while a clear research gap exists regarding Trichoderma viride. The indicated microorganisms
belong to PGPM has the advantage of being easy to cultivate under laboratory conditions,
and several methods have been proposed for its industrial production [25,26]. Species of the
genus Trichoderma are widely used as biological control agents due to their numerous bene-
fits for plant growth and their well-documented role in controlling plant diseases [27,28].
Among them, T. viride is recognized as one of the most efficient biocontrol agents for con-
trolling root diseases in crops such as peanuts, mung beans, onions, and soybeans [28-30].
In addition to its biocontrol properties, T. viride produces a range of metabolites that stimu-
late plant growth [31]. However, previous studies have not clearly determined whether
T. viride is compatible with Bradyrhizobium spp., the primary symbionts of soybeans. Using
co-inoculation of soybean seeds, we hypothesized that the coexistence of Bradyrhizobium
japonicum and Trichoderma viride in the soybean rhizosphere would influence seed yield,
yield components, plant biometric traits, and soil biochemical activity. There is also a lack
of literature reports on the influence of these microorganisms on the sowing quality of
seeds, which represents a crucial determinant of crop production, especially for soybeans
harvested at a late stage. The study aimed to evaluate the effects of soybean seed inocula-
tion with single strains of Bradyrhizobium japonicum and Trichoderma viride, as well as their
combined application, on: (i) yield and yield components, (ii) biometric traits, (iii) seed
quality, and (iv) soil biochemical activity.

2. Materials and Methods
2.1. Experimental Design

The field experiments were conducted in 20232024 on soybeans of the “Viscount’
variety. Experiments were performed at the Gorzyri Experimental and Educational Sta-
tion, Poznan University of Life Sciences (N—52.56692, E—015.90933, 69 m AMSL) in the
Wielkopolska region, Poland. The field experiments were established on soils classified
as typical Luvisols, developed from light loamy sands overlying a shallow layer of light
loam, according to the Polish Soil Classification [32], and as Haplic Luvisols according
to FAO-WRB [33]. The total nitrogen (N) content in the soil was 530 mg kg~!, while
the concentrations of plant-available phosphorus (P) and potassium (K) were 14.1 and
11.7 mg kg~ !, respectively. The soil was acidic, with a pH of 5.9 (measured in 1 M KCl),
and had an organic matter content of 1.4%. The study used a randomized complete block
design with four replications, and 16 plots (plot size 10 m x 2.0 m). The research factor
was seed inoculation: 1. control—seeds without inoculation; 2. Bradyrhizobium japonicum;
3. Trichoderma viride, biocontrol agent (BCA); 4. Bradyrhizobium japonicum and Trichoderma
viride. To inoculate soybean seeds with nitrogen-fixing bacteria, we used the commercially
available Nitragina preparation, containing a Bradyrhizobium japonicum strain compatible
with the test plant. Nitragina is an inoculum that uses peat as a carrier substrate for bacteria
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in the family Rhizobiaceae. Soybean seed dressing was performed using the wet method,
dissolving 300 g of the preparation in 0.6 L of water; this prepared inoculum volume
corresponds to the dose intended for 1 ha. The Trichoderma viride fungus was propagated in
the Department of Soil Science and Microbiology on Potato Dextrose Agar (PDA) in Petri
dishes. The cultures were then submerged in 5 mL of physiological saline (0.9% NaCl),
and an inoculum suspension with a conidial concentration of 107 mL~! was prepared
using a sterile scalpel. The suspension prepared in this way was applied to soybean seeds
immediately before sowing, in the amount of 20 mL of inoculum per 1 kg of seeds.

The preceding crop in both experimental years was spring barley. The soil for soybean
cultivation was prepared in autumn. The first tillage operation consisted of disc harrowing,
followed approximately one month later by pre-winter ploughing. A presowing fertilizer
with phosphorus and potassium was applied at 100 kg P,Os ha~! (equivalent to 43.6 kg
P ha~!) and 100 kg K,O (equivalent to 83 kg K ha™1), respectively. Soybean sowing took
place on 4 May 2023 and on 6 May 2024. Seeds were sown at a depth of 3 cm with a row
spacing of 12.5 cm, sowing density—90 seeds per 1 m?. For weed control, immediately
after sowing, S-metolachlor (Dual Gold 960 EC) was applied at a dose of 1.0 L ha=!. A
subsequent herbicide treatment was performed using fluazifop-P-butyl (Fusilade Forte
150 EC) to control monocotyledonous weeds. The crop was managed in accordance with
the principles of proper agronomic practice for this species.

2.2. Metabolic Activity of Trichoderma viride

Trichoderma viride, a member of the PGPF (Plant Growth-Promoting Fungi) used to
inoculate soybean seeds, was obtained from the collection maintained by the Depart-
ment of Soil Science and Microbiology at the Poznani University of Life Sciences. The
Trichoderma sp. strain was isolated from cereal crops using a modified RBA (Rose Ben-
gal Agar—Sigma) medium [34] and then propagated on PDA (Potato Dextrose Agar—
Millipore). The Trichoderma sp. isolate was molecularly identified based on sequence anal-
ysis of two phylogenetic markers (the ITS1-ITS2 rRNA region [35] and the translation
elongation factor 1-alpha (tefl) [36]. The indicated Trichoderma sp. strain was used in the
study due to its high biochemical activity and strong phytosanitary properties. The isolate’s
ability to synthesize indole-3-acetic acid was determined using the spectrophotometric
method described by Kumar et al. (2016) [37], while its ability to solubilize phosphate
was determined using the Phosphate Solubilization Index (PSI) as described by Promwee
et al. (2014) [38]. The strain’s enzymatic activity, including the production of alkaline
phosphatase (EC 3.1.3.1), acid phosphatase (EC 3.1.3.2), protease (EC 3.4), and urease
(EC 3.5.1.5), was assessed using the spectrophotometric method according to Czerwiriska-
Kayzer et al. (2023) [39], while the ability to produce cellulase was determined according to
the methodology of Kasan et al. (2008) [40]. Additionally, the phytosanitary assessment of
the Trichoderma viride strain used in the study demonstrated its high antagonistic potential
against pathogenic fungi of the genera Fusarium, Botrytis, Alternaria, Sclerotinia, and Rhizoc-
tonia, according to the methodology of Marika (1974) [41]. Of these pathogens, the latter
three are considered significant pathogens of the soybean root system [13].

2.3. Laboratory Analyses
2.3.1. Biochemical Activity of the Soil

Soil samples intended for biochemical analyses were collected from each plot at
two sampling dates, corresponding to distinct soybean developmental stages: Term
I—emergence (BBCH 16-17), Term II—flowering (BBCH 61-65). Samples were collected
using Egner’s rod from a 0-20 cm layer. For each experimental variant, a composite sample
of approximately 1 kg was prepared from four plots and thoroughly mixed. Immediately
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after collection, samples for microbiological analysis were cooled to 2-5 °C. They were then
placed in a portable refrigerator and transported to the laboratory of the Poznan University
of Life Sciences. The activity of four enzymes—oxidoreductases (dehydrogenase, catalase)
and hydrolases (acid and alkaline phosphatases)—was determined through biochemical
analyses. Using a Novaspec spectrophotometer (Biochrom Ltd., Cambridge, UK), dehydro-
genase (DHA) activity was measured in a reaction that reduces 2,3,5-triphenyltetrazolium
chloride (TTC) to triphenylformazan (TPF) at a wavelength of 485 nm and expressed as
umol TPF g_l DM soil 24 h~1,

Catalase (CAT) activity was determined by titration with 0.02 M KMnQOy, based on the
amount of oxygen released during the enzymatic decomposition of hydrogen peroxide, and
expressed as pmol HyO, g_1 DM soil min~1. The activities of acid phosphatase (ACP) and
alkaline phosphatase (ALP) were determined spectrophotometrically at a wavelength of
410, using a Novaspec spectrophotometer (Biochrom Ltd., Cambridge, UK). These enzymes
were determined using 4-nitrophenyl phosphate disodium salt 6-hydrate (PNPNa) and
expressed as pumol PNP g~! DM soil h~!. All analyses were performed in triplicate using
the methods for the above-mentioned enzymes proposed by Ohlinger (1996) [42], Johnson
and Temple [43], and Alef and Nannipieri [44], respectively. All samples were incubated in
a Memmert Ine 550 incubator (Memmert GmbH + Co. KG. Schwabach, Germany) at 37 °C
for 1 h (ACP, ALP) or 24 h (DHA).

The index of biological soil fertility (BIF) was calculated based on DHA (dehydroge-
nase activity) and CAT (catalase activity) using the formula (DHA + k-CAT)/2, where k
denotes a proportionality coefficient equal to 0.01 [45].

2.3.2. Data Collection

Harvesting was carried out at full seed maturity, which in both years occurred in the
third decade of September, using a Wintersteiger combine harvester (Wintersteiger AG,
Ried im Innkreis, Austria) with a working width of 1.5 m. In each year, 10 plants were
randomly sampled to determine yield components and morphological traits: number of
pods per plant (NP), number of seeds per plant (NS), number of seeds per pod (NSP),
and 1000-seed weight (TSW). Additionally, plant height (PH) and height of the first pod
(FPH) were measured. Seed yield from the plots was converted to a per-hectare basis and
calculated at 15% seed moisture content.

For chemical analysis, after harvesting, the collected seeds were crushed and sieved
through a 0.5 mm sieve. Assessment included determinations of dry matter (DM), crude
protein (CP), and crude fat (CF) content, performed in accordance with standard AOAC
procedures [46]. The Kjeldahl method was used to determine the nitrogen content of the
seeds and was expressed as total protein content (N x 6.25). Crude fat (CF) was determined
with the Soxhlet method.

Moreover, the harvested seeds were stored under controlled conditions at 6 °C and
60-65% relative humidity of. Seed quality and vigor were evaluated in accordance with the
recommendations of the International Seed Testing Association (2022) [47]. The following
assessments were performed: first count (germination energy) after 5 days, final count
(germination capacity) after 8 days, and vigor tests including the conductivity test (CT),
seedling growth test (SGT), seedling growth rate test (ST), and vigor index (V), calculated
as the product of mean seedling length (cm) and mean germination capacity (%).

2.4. Statistical Analysis

The statistical analysis used three-way ANOVA with interaction (Statistica 13.3 soft-
ware package—StatSoft Inc., Krakéw, Poland) to study the impact of three factors, year of
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the experiment, the term (development phase of soybean—BBCH scale), and the experi-
mental variant on the soil microbial activity.
A three-way ANOVA model with interaction was used (Equation (1)):

yijkl = p + ai + Bj + vk + (By)jk + (oy)ik + (xPBy)ijk + eijkl (1)

where: yijkl—the estimated value of variables, p—overall average, xi—the effect of year at
leveli (i =1, 2), f—the effect of term at level j (=1, 2), yk—the effect of experimental variant
atlevelj (=1, 2, 3, 4), with the relevant interactions of these factors and error eijkl.

In cases where the null hypotheses of no significant effects of factors or their interac-
tions were rejected, multiple comparisons were performed using Tukey’s method. Two-way
ANOVA with interaction was used to study the impact of the year of the experiment and
the experimental variant on the yield, biometric parameters, seed quality, and seed vigor.
A two-way ANOVA model with interaction was used (Equation (2)):

vij = u+ od + Bj + (xP)ij + eij 2)

where: yij—the estimated value of variables, u—overall average, xi—the effect of
year at level i (i = 1, 2), Bj—the effect of experimental variant at level j (=1, 2, 3, 4),
(B )ij—interaction effect of years and variant, and eij—random error.

When the null hypotheses indicating no effects of the studied factors or their in-
teractions were rejected, Tukey’s test was applied for multiple comparisons. Principal
component analysis (PCA) and Pearson correlation were used to quantify the strength
of relationships between microbial activity and yield and biometric parameters, and to
illustrate the factors. A heat map was proposed as a graphical presentation to summarize
the data. To compare and group data of different orders, the data were transformed with
the normalization transformation (0-1). Ward’s agglomerative hierarchical clustering and
Euclidean distance were used to generate a dendrogram.

3. Results
3.1. Selected Agronomic Traits

Weather conditions for soybean growth varied across the study years, as re-
flected in the Sielianinov hydrothermal coefficient values (Figure 1). The coefficient
(K) for each month of the growing season was calculated using the following equation:
K = (Mo x 10)/(Dt x days), where Mo represents the total monthly precipitation, Dt is the
mean daily air temperature for a given month, and days denotes the number of days in
that month.

Total precipitation during the soybean growing season in 2023 was 303 mm, and in
2024 it was 273.5 mm. Similar conditions in both years, as indicated by Sielianinov’s K,
were recorded in April and September. In 2023, the Sielianinov index was variable, with
wet months and periods of severe drought. May was particularly unfavorable, when the
index value dropped to approximately 0.4. At the same time, April and August were
favorable, with very humid conditions. 2024 was characterized by a much more even
pattern of hydrothermal conditions. In no month did the index fall below 1.0, indicating no
periods of drought. From May to August, humid or very humid conditions prevailed, with
the highest values recorded in June and July.
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Figure 1. Sielianinov hydrothermal coefficient (K) recorded in 2023-2024 at the Agro-meteorological
Station in Gorzyn. Weather conditions were classified according to the following ranges of the
hydrothermal coefficient: 0.00-0.50—periods of drought; 0.51-1.00—semi-drought (insufficient
moisture for most plants); 1.01-2.00—relatively moist conditions (sufficient moisture for most
plants); >2.01—high moisture conditions (excessive moisture for most plants); the red dotted line
denotes level 1 [48].

Results of the two-way ANOVA showed a significant effect of treatment variants on
seed yield (p < 0.01) (Table 1).

Table 1. F-test statistics and significance levels of two-way ANOVA for yield and yield components.

Parameter Year Variant YxV

Seed yield (Y) 24 ns 6.5 ** 0.35ns !
Plant number (PN) 2.6 ns 1.4 ns 1.3 ns
Number of seeds per plant (NS) 21.8 ** 2.7ns 2.0ns
Number of seeds per plant pod (NS/P) 0.0ns 3.2* 0.0 ns
Number of pods per plant (NP/P) 14ns 29ns 2.0ns
Weight of 1000 seeds (SW) 0.1ns 3.5% 0.0ns

*p < 0.05,* p < 0.01; ! ns—not significant.

The number of seeds per plant depended significantly on year conditions, whereas the
experimental variants significantly influenced the NS/P and SW. No significant Year x Vari-
ant interactions were observed for any trait, indicating stable responses across years. The av-
erage seed yield of the soybean ‘Viscount’ was similar in both years, ranging from 1.50 t ha ™!
in 2023 to 1.42 t ha~! in 2024. Seed inoculation significantly increased seed yield. All inocu-
lation treatments resulted in higher yields compared with the non-inoculated control. The
co-inoculation of seeds with Bradyrhizobium japonicum and Trichoderma resulted in the highest
yield level. However, no significant differences were found among the inoculated treatments.
Likewise, no significant differences were observed between the control treatment and the
treatments inoculated separately with B. japonicum or Trichoderma (Figure 2a).

The effect of seed inoculation was consistent across years, as its efficacy was not
influenced by weather conditions, which was further supported by the observed values of
yield components. Neither the year nor the experimental treatment had a significant effect
on plant density or NP/P (Figure 2b,e). In the case of the NS/P, significant differences
were observed only between the study years, with no effect of the experimental variant
(Figure 2c). In contrast, the applied treatments significantly affected the number of seeds
per pod and the thousand-seed weight (Figure 2d,f). The NS/P was observed in the co-
inoculated treatment, whereas the highest SW was recorded following the application of
B. japonicum alone. However, no significant differences were found among the inoculated
treatments. Analysis of variance showed that, among the examined plant physiological
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characteristics during the growing season, seed inoculation had a significant effect only on
the leaf area index (LAI) (Table 2).
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Figure 2. Yield and yield components in variants of the experiment. (a)—seed yield (tha™1),
(b)—plant number (no. m~2), (c)—number of seeds per plant (no. plantfl), (d)—number of seeds
per plant pod (no. pod_l), (e)—number of pods per plant (no. plant_l), (f)—weight of 1000 seeds (g);
1—control variant, 2—Bradyrhizobium japonicum; 3—Trichoderma viride; 4—Bradyrhizobium japonicum
and Trichoderma viride—confidence intervals (1 — « = 0.95); a, b—homogenous groups, Y o—2023 year,
Yp—2024 year.
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Table 2. The test F-statistics and the significance level of two-way analysis for variants of the
biometrical parameters, non-destructive determination methods, seed quality and seed vigor.

Parameter Year Variant YxV

Biometrical parameters

Plant Height (H) 719.1 ** 1.3ns! 1.3ns
Height of the First Pod (PH) 64.1 ** 1.2 ns 1.5ns
Hectoliter Weight (HW) 106.3 ** 4.0* 0.0 ns
Non-destructive determination methods
NDVI 09 ns 2.4 ns 0.5ns
NTESTER 15.8 ** 1.6 ns 33*
LAI 0.6 ns 4.4* 0.6 ns
Seed quality and seed vigor
Germination Energy (GE) 0.7 ns 2.6 ns 0.4 ns
Germination Capacity (GC) 1.2 ns 48* 0.4 ns
Conductivity Test (CT) 0.4 ns 16.1 ** 0.7 ns
Seedling Growth Test (SGT) 270.9 ** 8.5 ** 8.1%*
Seedling Growth Rate Test (ST) 93.7 ** 1.7 ns 7.4 **
Vigor Index (V) 288.2 ** 14.5 ** 13.3 **
Organic components in seeds
Crude protein (CP) 0.25ns 7.45** 0.90 ns
Crude fat (CF) 0.82 ns 16.20 ** 0.79 ns

*p < 0.05, ** p < 0.01; ! ns—not significant.

Weather conditions during the study period significantly affected plant height, first
pod height, and seed weight per hectoliter. The evaluation of the seed quality of soybean
seeds obtained under field conditions showed no significant effect of the tested factors on
germination energy; however, significant effects were observed for germination capacity
and seed vigor, as determined by the conductivity test (CT), seedling growth test (SGT),
and vigor index (V). Seed inoculation improved seed quality and seed vigor compared with
the control treatment. The highest germination capacity and seedling growth test values
were recorded after inoculation with B. japonicum and Trichoderma (Figure 3a,b). Similar
results were obtained in the conductivity test, where the lowest seed quality was observed
in the control treatment, while the highest seed quality was recorded in treatments in which
seeds were inoculated with B. japonicum alone or jointly with B. japonicum and Trichoderma
before sowing (Figure 3c).

The study demonstrated that seed inoculation significantly modified the protein and
fat contents (Figure 4). Compared with the control treatment, protein content increased in all
inoculated treatments, with the highest values observed in the treatment with B. japonicum
inoculation and in the co-inoculation treatment involving B. japonicum and Trichoderma spp.

In contrast, the response observed for crude fat content was somewhat opposite.
No statistically significant differences were observed between the control treatment
and the treatment inoculated with Trichoderma alone, whereas a decrease in fat content
was noted in the treatments with B. japonicum and in the combined B. japonicum and
Trichoderma treatment.
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Figure 3. Seed quality and seed vigor in variants of the experiment. (a)—germination energy (GE)
(%) and germination capacity (GC) (%), (b)—seedling growth test (SGT) (cm) and seedling growth
rate test (ST) (mg), (c)—conductivity test (uS cm g_l), (d)—vigor index (non-nominated units);
1—control variant, 2—Bradyrhizobium japonicum; 3—Trichoderma viride; 4—Bradyrhizobium japonicum
and Trichoderma viride—confidence intervals (1 — « = 0.95); a, b—homogenous groups, Y—2023
year, Yp—2024 year.
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Figure 4. Organic components in seeds in variants of the experiment. Crude protein (CP) and Crude
fat (CF) (g kg~! DM); 1—control variant, 2—Nitragina, 3—Trichoderma spp., 4—Nitragina + Tri-
choderma spp.—confidence intervals (1 — « = 0.95); a, b, c—homogenous groups, Yo—2023 year,
Yp—2024 year.
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3.2. Biochemical Activity in the Soil

The study demonstrated the impact of soybean seed inoculation methods on soil
enzymatic activity and the biological index of soil fertility (BIF). A three-factor analysis of
variance revealed a significant effect (p < 0.05, p < 0.01) of inoculation and co-inoculation,
as well as sampling time and study year, on the activity of the evaluated soil enzymes and
the BIF under soybean cultivation (Table 3). In the case of acid phosphatase, however, no
statistically significant differences were found depending on the vaccination method used.

Table 3. The test F-statistics and the significance level of the three-way analysis for variants of the

enzymatic activity.

Parameter Year Term Variant YxTxV

Acid phosphatase (PAC) 59* 18.1 ** 0.5ns! 09 ns
Alkaline phosphatase (PAL) 798.0 ** 715.5 ** 3.4* 43*
Dehydrogenase activity (DHA) 12.6 ** 40.5 ** 11.8 ** 3.3*

Catalase activity (CAT) 20.1 ** 10.4 ** 6.0 ** 11.8 **
Biological fertility index (BIF) 12.3 ** 40.3 ** 11.8 ** 3.3*

*p <0.05 *p<0.01; I ns—not significant.

Due to the variability of weather conditions in each year of the field experiments,
which influenced the effects of the studied factors, including the use of a single inocu-
lation of soybean seeds with a compatible strain of nodule bacteria and a fungus of the
Trichoderma genus, and co-inoculation, the soil biochemical activity results for each year are
presented separately.

Figure 5a presents the results for acid phosphatase (PAC) activity. It was shown that
the seed inoculation method used did not statistically significantly affect the activity of
this enzyme. However, in each year of the study, at the plant emergence stage (term I),
higher PAC activity was observed after the application of Trichoderma viride alone and in
the fourth variant with co-inoculation compared to the control treatment. At the second
analysis date (flowering stage) of the first year of the study, a decrease in this enzyme’s
activity was observed across all soybean seed inoculation variants compared to the control
treatment. However, during the second year of the study, on the same date, a reverse PAC
response was observed in response to the soybean seed inoculation methods used.

The results regarding alkaline phosphatase (PAL) activity (Figure 5b) indicate that the
soybean seed inoculation statistically significantly increased the activity of this enzyme
compared to the control variant only during the flowering stage (term II) during the first
year of the study. The highest significant stimulatory effect was observed with inoculation
of a single Bradyrhizobium japonicum strain relative to the control. High activity was also
observed for variants 3 and 4, where inoculation with Trichoderma viride and co-inoculation
with Trichoderma viride and Bradyrhizobium japonicum were used, respectively. No such
correlations were observed for the remaining analysis dates. Figure 5c presents the results
of the analysis of dehydrogenase activity in the soil under soybean cultivation. The
obtained data indicate a significant inhibitory effect of the applied inoculation—both single
(Bradyrhizobium japonicum and Trichoderma viride) and their simultaneous application, co-
inoculation—on the activity level of this enzyme, compared with the control variant. During
the emergence period, a decrease in the catalytic activity of dehydrogenases was observed
in all experimental variants after inoculation compared to the control, as confirmed across
all analyzed terms. Different results were obtained in 2023 during the soybean flowering
phase, when the dehydrogenase activity level differed from that observed at other terms.
During this period, the highest enzyme activity was observed in the variants in which
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soybean seeds were inoculated solely with the Trichoderma viride strain and in variant 4,
with co-inoculation.
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Figure 5. Biochemical activity in particular variants of the experiment. (a)—acid phosphatase
(PAC), (b)—alkaline phosphatase (PAL), (c)—dehydrogenase activity (DHA), (d)—catalase activity
(CAT), (e)—biological fertility index (BIF); 1—control variant, 2—Nitragina, 3—Trichoderma spp.,
4—Nitragina + Trichoderma spp.—confidence intervals (1 — « = 0.95); a, b, c, d—homogenous groups,
Y 4—2023 year, Yg—2024 year; I(t[)—1st Term Emergence (BBCH 16-17), II(tII)—2nd Term Flowering
(BBCH 61-65).

Analysis of catalase activity (Figure 5d) demonstrated that the applied seed inocula-
tion methods significantly stimulated this enzyme’s activity compared with the control
treatment in both years of the study during the soybean emergence period. The highest
catalase activity at this time point was observed in the variant using only Trichoderma viride,
which was 8.7% higher than in the control object. A similar trend was observed during the
plants’ flowering phase in the second year of the study. However, in the first year (2023),
at the same time, the highest catalase activity was observed in the variant in which seeds
were inoculated with a compatible strain of nodule bacteria; this value was 31% higher
than the control treatment.

The index of biological soil fertility (BIF), determined based on dehydrogenase and
catalase activities (Figure 5e), was significantly higher than in the control treatment when
different soybean seed inoculation methods were applied, but only during the flowering
stage in the first year of the study. At this time point, the highest BIF value was observed
following the application of Trichoderma alone, reaching a level 80% higher than the control.
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In contrast, on the remaining sampling dates, the opposite trend was observed, with BIF
values in the inoculated treatments lower than those recorded in the control.

The dependencies among the analysed yield, yield components, biometrical parame-
ters, non-destructive determination methods, seed quality, seed vigor, organic components
in the seed, and biochemical activity in particular variants of the experiment were presented
using principal component analysis (PCA) (Figure 6).
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Figure 6. Dependences among the analyzed yield, yield components, biometrical parameters,
non-destructive determination methods, seed quality, seed vigor, organic components in seed and
biochemical activity in particular variants of the experiment (a)—control variant, (b)—Nitragina,
(c)—Trichoderma spp., (d)—Nitragina + Trichoderma spp., Y—seed yield, PN—plant number,
NS—number of seeds per plant, NS/P—number of seeds per plant pod, NP/P—number of pods
per plant, SW—weight of 1000 seeds, H—plant height, PH—height of the first pod, HW—hectoliter
weight, GE—germination energy, GC—germination capacity, CT—conductivity test, SGT—seedling
growth test, ST—seedling growth rate test, V—vigor index, PAC—acid phosphatase, PAL—alkaline

phosphatase, DHA—dehydrogenase activity, CAT—catalase activity, BIF—biological fertility index;
CP—crude protein; CF—crude fat.

The first principal component explained 36%, 35%, 40% and 35% of the variability,
whereas the second explained 20%, 20%, 16%, and 23% of the variability appropriately
in variants of the experiment, i.e., 55%, 55%, 56% and 58% of the total variability. The
principal component analysis (PCA) revealed relationships, not only among the biometrical
parameters, seed quality, and biochemical activity in the tested variants, but also between
yield and yield components of plants. In the control variant, CAT activity correlated
positively with yield and SPAD. The acid phosphatase and PAL activity were also highly
correlated with crude fat in the seed. Seed value and vigor parameters were positively
correlated with hectoliter weight. In the Nitragina variant, DHA and BIF were highly
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correlated with plant numbers. A positive relationship was observed between seed quality
and seed vigor index with the number of pods per plant, hectoliter weight, and NDVI
index. In both of the above variants, no clear correlations were observed between yield
and the tested parameters. In turn, it was clearly observed in both variants: Trichoderma
and Nitragina + Trichoderma that yield was positively correlated with the seed quality
parameters and BIF, whereas a negative correlation was observed between PAC and CAT.
Moreover, a positive relationship was found between seed quality parameters, seed vigor,
and hectoliter weight with biochemical activity parameters: PAL, DHA, and BIF index. The
influence of co-inoculation of Bradyrhizobium spp. and Trichoderma spp. on soil biochemical
activity in soybean cultivation, and the seed quality of seeds in correlation with the yield
and yield components, was visualised using a heat map (Figure 7).

15

S

os -

0.0 4

> et 9 Mg M ZE OB R & U 2 < oo
IL%EZ%EEEEEUL;,U%@>§EEEEUU
Z @
e
z

Figure 7. Dependences among the analyzed yield, yield components, biometrical parameters, non-
destructive determination methods, seed quality, seed vigor and biochemical activity in particular
variants of the experiment: 1—control variant, 2—Nitragina, 3—Trichoderma spp., 4—Nitragina +
Trichoderma spp., Y—seed yield, PN—plant number, NS—number of seeds per plant, NS/P—number
of seeds per plant pod, NP/P—number of pods per plant, SW—weight of 1000 seeds, H—plant height,
PH—height of the first pod, HW—hectoliter weight, GE—germination energy, GC—germination
capacity, CT—conductivity test, SGT—seedling growth test, ST—seedling growth rate test, V—vigor
index, PAC—acid phosphatase, PAL—alkaline phosphatase, DHA—dehydrogenase activity, CAT—
catalase activity, BIF—biological fertility index; CP—crude protein; CF—crude fat.

The comparison of the characteristics of all treatments showed that the second (Ni-
tragina) and third (Trichoderma) variants were the most similar to each other. There were
also similarities between the first and fourth variants. In comparison with the other ex-
perimental variants, the fourth variant, where co-inoculation of Bradyrhizobium spp. and
Trichoderma spp. was characterised higher values of PAC activity and other parameters
under analysis, including yield and yield components.

4. Discussion
4.1. Agronomic Traits

Soybeans belong to crops that strongly respond to variable environmental conditions,
especially temperature and water availability during the growing season [13,49,50]. The
results of the present study confirmed that differing meteorological conditions across years
significantly affected the analysed agronomic traits and seed vigor. However, weather
conditions had no significant effect on seed yield or seed quality parameters. Although
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weather condition significantly affected some yield components, these changes did not
translate into differences in the final seed yield, likely due to compensatory interactions
among the individual yield components. In contrast, seed inoculation had a positive effect
on seed yield and contributed to yield stability. Compared with the control treatment, in
which seeds were not inoculated, higher yields were obtained for all inoculation treatments,
with the greatest effects recorded after the combined application of Bradyrhizobium japon-
icum and the fungus Trichoderma. A positive effect of co-inoculation with B. japonicum was
also reported in earlier studies involving Trichoderma harzianum [51], A. chroococcum [52], as
well as Bacillus subtilis, Bacillus aryabhattai, Streptomyces sp., and Streptomyces spinosa [53].
Nevertheless, these authors emphasized the need to evaluate numerous microbial strains
to optimize the tripartite bacteria—fungus—plant relationship and thereby improve soy-
bean productivity. According to Iutyriska et al. [54], co-inoculation of soybean seeds with
B. japonicum and Bacillus sp. affects the rhizosphere microbiota yield-related traits, thereby
increasing soybean yield and higher protein content in seeds. In contrast, Panasiewicz
et al. [55], while investigating the effects of different inoculants and nitrogen fertilization in
soybean cultivation of the Anushka cultivar, did not observe any effect on protein content.
However, the opposite response was reported in studies conducted on the ‘Aldana’ [51].
The applied inoculation treatments significantly affected the leaf area index (LAI), sug-
gesting a beneficial effect of inoculation on the development of the aboveground parts of
soybean plants. Similarly, the SPAD index and LAI were significantly improved by seed
inoculation with the symbiotic bacterium B. japonicum combined with foliar fertilization
with molybdenum, compared with the individual application of either inoculation or
fertilization alone [56].

Microbiota inoculation not only supports the maintenance of high productivity but
may also contribute to higher crop yields, improved nutrient use efficiency, and enhanced
crop resilience, underscoring the potential of this approach as a practical and environmen-
tally sustainable strategy for advancing sustainable agriculture [57]. A rarely considered
aspect is the effect of inoculation on the quality of the obtained seed material, although it
constitutes one of the most important agronomic factors [58,59]. Previous research demon-
strated that co-inoculation of soybean seeds with B. japonicum and Bacillus megaterium
significantly enhanced germination capacity, cold test performance, shoot and root length,
and the seedling vigor index compared with inoculation with Bradyrhizobium alone or the
non-inoculated control [60]. In the present study, seed inoculation significantly affected
both germination capacity and seed vigor, as assessed by the conductivity test, seedling
rate test, and vigor index. The highest values for these parameters were observed in the
treatment in which B. japonicum and Trichoderma were applied together as seed inoculants.
However, the effects of individual bacterial and fungal inoculants differed. Inoculation
with Trichoderma alone reduced germination capacity compared with the control treatment.
Likewise, seed vigor was lower following inoculation with either Trichoderma alone or
B. japonicum alone. The conductivity test further indicated that the highest seed quality was
achieved in the co-inoculated treatment, while seeds inoculated solely with B. japonicum
also exhibited high quality. Milijakovi¢ et al. [61] demonstrated that the combined use
of PGPR consortia (B. japonicum, B. megaterium, Bacillus subtilis, Azotobacter chroococcum)
together with a nutrient complex (S, Mg, Mn, Fe, Zn, Cu, B, and Mo) in soybean seed
treatments positively influenced seed germination and early seedling growth under labora-
tory conditions.

4.2. Biochemical Activity in the Soil

Soil biological activity is an integral part of this structure and arises from the trans-
formations of compounds and energy within it. Its most visible indicator is enzymatic
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activity, which is determined by numerous factors, including soil type, vegetation, soil
profile depth, pH and temperature, atmospheric conditions, organic matter content, and the
technologies used [62,63]. Soil enzymes are the first to respond to changes occurring in the
soil environment. Acid and alkaline phosphatases are among the enzymes used to assess
soil quality, and their activity reflects phosphorus availability in the soil. Increased secretion
of these enzymes is observed when phosphorus availability is low. It has been reported
that fungi have a greater ability to solubilize phosphates than bacteria. It is known that in-
oculation of seeds or soil with PSM (Phosphorus Solubilisation Microorganisms) improves
the solubilisation of bound soil phosphorus and applied phosphates, resulting in higher
yields [64]. However, it should be emphasized that acid phosphatase (PAC) is an enzyme
secreted not only by soil microbial communities but also by plants themselves, which can
lead to a significant increase in its pool in the pedon and is often negatively correlated with
microbial abundance [65]. In our own studies, conducted on soil collected from soybeans,
higher PAC activity was observed during the flowering period. This relationship is well
established in the literature, indicating a high phosphorus demand for plants during this
period of development. Additionally, our own studies showed higher acid phosphatase
activity in 2024, in variants using different soybean seed inoculations, compared to the
control. This can be attributed to the effects of the inoculants used. Wang et al. [66] indicate
that both nodule bacteria and fungi of the Trichoderma spp. genus are distinguished by
their ability to produce, among other things, PAC under various cultivation conditions.
These organisms can actively regulate pH, thereby increasing acid phosphatase activity
and, consequently, improving nutrient mobilization [67].

The alkaline phosphatase (PAL) behaved similarly to PAC, with high levels noted
during the flowering period in 2023, in our study. These differences were greater than
those of the control treatment for the inoculation methods used. Research by Paul and
Rakshit [68] demonstrated that T. viride increases in soil phosphatase activity, including
alkaline phosphatase, and, that the T. viride strain reduces in the recommended phosphorus
dose in soybean cultivation by up to 20%. Similar results were also obtained in the study
by Galeano et al. [69], which demonstrated the potential of T. viride strains in improv-
ing the health and fertility of Cerrado soils in Brazil, particularly in terms of increasing
phosphorus availability.

Among the many enzymes present in soil, dehydrogenase and catalase, both oxidoreduc-
tases, are important indicators of soil quality. They are a measure of the overall microbiological
activity of the soil because they are active only within living organisms and are not released
outside the cell [70]. They play an important role in the oxidation of organic matter [65]. The
activity of this group of enzymes is related not only to the organic matter content in the soil
but also to its physicochemical properties, such as moisture, temperature, and pH [71].

It has been shown that changes in soil oxygenation, including rainfall during the
plant growing season, significantly modify the activity level of soil dehydrogenases. In our
studies, in years with reduced rainfall compared to the multiannual period, including 2023,
higher activity levels of this enzyme were observed during the flowering period in the
treatments after application of fungi from the genus Trichoderma and after co-inoculation
(Bradyrhizobium japonicum + Trichoderma viride) of soybean seeds, which can be attributed
to the synergistic effects of the indicated microorganisms used in the experiment. The
literature on the subject demonstrates that fungi from the Trichoderma spp. genus, recog-
nized as opportunistic plant symbionts that colonize plant roots, exhibit the ability to retain
water [72], supporting the plant itself and the soil ecosystem. Mishra et al. [73] indicate
that the increase in plant tolerance to drought stress under the action of fungi of the genus
Trichoderma spp. occurs through improvements in the morphological, physiological, and
biochemical characteristics of plants, which is important for the functioning of the soil
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microbiome. Similar effects to those of Trichoderma spp. are attributed to nodule bacteria
of the genus Bradyrhizobium, which belong to the PGPR (Plant Growth Promoting Rhi-
zobacteria) group [74]. In response to environmental stress, these bacteria produce many
substances (plant hormones, exopolysaccharides, enzymes, and other secondary metabo-
lites) that improve the morphology of plant roots and shoots, the antioxidant defense
system, and the availability of water and nutrients, indirectly affecting the activity of the
soil microbiome, i.e., the level of dehydrogenases and catalase. The multifaceted actions of
the inoculants used, including stimulating plant growth, limiting pathogen development,
inducing defense mechanisms, and increasing soil enzymatic activity, contribute to improve
soil biological fertility (BIF—Biological Index of Fertility). In 2023, similarly to the studied
oxidoreductases, during the flowering period and under water-stressed conditions, BIF
values were higher in the soybean inoculation treatments than in the control treatment.

5. Conclusions

The study demonstrated that co-inoculation of soybean seeds of the “Viscount’ with
Bradyrhizobium japonicum and Trichoderma viride strains had the most beneficial effect on
plant productivity, resulting in the highest seed yields. Seed inoculation can stabilize yields
regardless of weather conditions. Weather conditions mainly affected the number of seeds
per plant, whereas the NS/P and SW were more dependent on the applied inoculation
treatment. Inoculation also significantly affected biometric traits, particularly the leaf
area index (LAI). Moreover, inoculation improved seed quality by increasing germination
capacity and average soybean seedling length. These findings indicate that the combined
application of B. japonicum and T. viride may be an effective strategy for improving soybean
productivity and seed quality. Just as some of the studied soybean agronomic parameters
responded to seed inoculation treatments, including co-inoculation, soil enzyme activity,
and soil fertility index also showed significant variability, reflecting the effects of the
applied microorganisms depending on prevailing weather conditions. The stimulatory
effect of inoculation/co-inoculation was observed mainly during periods of poor rainfall
distribution during the plant’s growing season. These results indicate that the combined use
of B. japonicum and T. viride may be an effective strategy for improving soybean productivity
and seed quality, especially under changing climatic conditions, where prevailing drought
periods often reduce yields and degrade soil physicochemical properties.
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