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Abstract

Rhizobial inoculation is an important strategy for improving nitrogen supply in soybean
systems, but its field performance is often limited by soil constraints and interactions with
indigenous microbiomes. Multifunctional microbial consortia may complement rhizobia
by modifying rhizosphere soil conditions and nutrient availability. Here, we combined
pot and one-season field experiments in a meadow albic black soil of the Sanjiang Plain,
China, to evaluate the effects of rhizobia, a multifunctional bacterial consortium, and
their co-inoculation (CRF) on soybean performance, soil properties, enzyme activities, and
bacterial communities. CRF produced the highest soybean yield, reaching 2230 kg ha−1,
which was 6.74%, 1.54%, and 1.50% higher than conventional fertilization (F), single con-
sortium inoculation (CF), and single rhizobial inoculation (RF), respectively. Compared
with F, CRF showed higher values of selected short-term soil indicators at specific growth
stages, including pH, soil organic matter, alkali-hydrolyzable nitrogen (+7.51–21.14%), and
available phosphorus (+19.29–42.68%). At maturity, sucrase, urease, and acid phosphatase
activities under CRF were 18.6%, 15.3%, and 22.4% higher than those under F, respectively.
Bacterial OTU richness increased by 11.70% under CRF, whereas evenness-related indices
decreased, suggesting treatment-associated bacterial community reassembly. Soil pH ex-
plained 11.63% and 13.24% of bacterial community variation at the phylum and genus
levels, respectively. These findings suggest that rhizobia–consortium co-inoculation was
associated with improved soybean yield, altered rhizosphere soil indicators, and bacterial
community shifts during one soybean growing season. Longer-term field trials are needed
to confirm the persistence and mechanisms of these effects.

Keywords: rhizobia; compound microbial inoculants; co-inoculation; bacterial community
structure; soybean yield

1. Introduction
Soybean is a major crop supporting global protein and edible oil supply, and its

sustainable production depends on maintaining soil fertility and biologically mediated
nutrient cycling [1]. In many black-soil regions, long-term intensive cultivation has been
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associated with soil degradation and losses of soil organic carbon (SOC), undermining nu-
trient retention and increasing dependence on external inputs [2,3]. These trends motivate
nature-based approaches that can improve crop performance and rhizosphere conditions
while sustaining productivity. Harnessing biological nitrogen fixation through the soybean–
rhizobium symbiosis is a key strategy to reduce mineral N fertilizer use [4,5]. Yet, the
effectiveness of rhizobial inoculation can be highly dependent on soil constraints such
as unfavorable pH, limited phosphorus availability can suppress nodulation and reduce
inoculation benefits, and strain competition can favor highly competitive but less beneficial
rhizobia, weakening host gains [6].

Harnessing biological nitrogen fixation (BNF) through soybean–rhizobium symbiosis
is a core strategy to reduce mineral N fertilizer reliance [7]. However, the effectiveness of
rhizobial inoculation in degraded black soils is often constrained by two key bottlenecks:
(i) environmental filtering (e.g., unfavorable pH, limited available phosphorus, and low
SOC), which suppresses nodulation and BNF efficiency [3,8], and (ii) biotic competition,
where native rhizobial strains with high competitiveness but low symbiotic effectiveness
outcompete inoculated strains [9]. These constraints explain the inconsistent field perfor-
mance of single rhizobial inoculants across sites and seasons.

From a microbiome perspective, microbial inoculants do not necessarily increase
alpha diversity; instead, they frequently reorganize bacterial community composition and
relative abundance patterns [10]. A large meta-analysis across hundreds of studies reported
that microbial inoculants often change community structure and bacterial composition
without consistently altering microbial diversity, and that these effects are modulated by
environmental stress and initial soil nutrient status [11,12].

Linking soil physicochemical shifts to bacterial community reassembly is essen-
tial because soil pH acts as a dominant environmental factor at both local and global
scales [13]. A global analysis of soil bacterial genera shows that pH predicts a large
fraction of bacterial genus distributions worldwide, and soil pH is a major environmental
filter shaping bacterial community composition [14]. In legume systems, this matters not
only for free living bacterial composition but also for rhizobial establishment and plant
nutrition [15]. Another challenge is that rhizosphere microbiomes are highly dynamic
across plant development [16]. Time-resolved studies demonstrate strong succession
of the soybean rhizosphere bacterial community across growth stages, implying that
inoculation effects may be stage-dependent and that single-time-point sampling can
miss key transitions [17]. Therefore, evaluating co-inoculation across growth stages
while jointly tracking soil properties (e.g., pH, organic matter, moisture, and available
nutrients) is critical for identifying treatment-associated changes relevant to soybean
performance [18,19].

Based on this background, our study examines how rhizobial inoculation com-
bined with a multifunctional microbial consortium influences soil physicochemical
properties and bacterial community assembly in soybean fields. We focus on three
connected goals: (i) testing whether co-inoculation produces more consistent improve-
ments in soil habitat quality (particularly pH and fertility-related nutrient pools)
than single inoculations; (ii) determining whether bacterial communities respond via
increased richness but selective enrichment (reflected by reduced evenness) rather
than uniform diversity gains; and (iii) identifying key soil drivers, especially pH and
resource-related variables that are associated with bacterial community reassembly.
By integrating stage-resolved soil chemistry with bacterial community ecology, this
work provides a mechanistic basis for designing rhizobia–consortium co-inoculation
as a scalable strategy to inform the field use of rhizobia–consortium co-inoculation in
black-soil soybean systems.
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2. Materials and Methods
2.1. Experimental Site and Materials

The field experiment was conducted in Sanfu Village, Tongjiang City, Heilongjiang
Province (47.786◦ N, 132.701◦ E), located in the hinterland of the Sanjiang Plain. The study
was conducted in a meadow albic black soil according to the Chinese soil classification
system. Black soils have the following initial physicochemical properties: organic matter
33.60 g/kg, total nitrogen 1.76 g/kg, total phosphorus 1.23 g/kg, total potassium 15.46 g/kg,
pH 6.10, alkali-hydrolyzable nitrogen 7.68 mg/kg, available phosphorus 53.23 mg/kg, and
available potassium 174.19 mg/kg.

Soybean cultivar ‘Heihe 43’, bred by Heihe Branch of Heilongjiang Academy of
Agricultural Sciences (Heihe, Heilongjiang, China), is an indeterminate, early-maturing
cultivar with an approximate growth duration of 110–115 days under local field condi-
tions. Seeds from the same certified commercial seed lot were used for all experimental
units to ensure uniform initial seed quality. The rhizobia inoculant contained two strains,
Sinorhizobium fredii HH103 and Bradyrhizobium japonicum TY3-5-1, mixed at a 1:1 (v/v)
ratio. The rhizobial suspension was adjusted to a final concentration of 1 × 108 CFU/mL
prior to application. The multifunctional microbial consortium was composed of Bacillus
subtilis, Bacillus megaterium, and Bacillus mycoides, mixed at a 1:1:1 ratio based on viable
cell counts. The finished granular inoculant had a guaranteed effective viable count of
≥5 × 108 CFU/g, with peat as the carrier material. Conventional soybean com-
pound fertilizer (N–P2O5–K2O = 13–24–13, total nutrient content 50%) was used as the
basic fertilizer.

2.2. Experimental Design
2.2.1. Pot Experiment

The pot experiment included 7 treatments for each rhizobial strain (HH103 and TY3-5-
1): control (CK, no inoculants), single rhizobia, rhizobia + B. subtilis, rhizobia + B. megaterium,
rhizobia + B. mycoides, rhizobia + compound inoculant, and single compound inoculant.
Each treatment had 10 replicates. Soybean seeds were sown in pots (25 cm height × 15 cm
diameter) with a growth medium of peat:perlite:vermiculite = 4:1:2 (sterilized at 121 ◦C for
2 h). Inoculants were applied after seed germination, and agronomic traits were measured
at maturity (9 June 2025). Plants were watered every 2–3 days to maintain soil moisture at
60–70% of field capacity, with no waterlogging.

2.2.2. Field Plot Experiment

Four treatments were set in the field plot experiment (3 replicates per treat-
ment, plot area 40 m2): (1) F: fertilization only (300 kg/ha compound fertilizer);
(2) CF: fertilization + compound consortium (60 kg/ha); (3) RF: rhizobia (100 mL/ha,
1 × 108 CFU/mL) + fertilization; and (4) CRF: rhizobia + compound consortium
inoculant + fertilization. The rhizobial suspension was applied as a seed-coating treatment
at a rate of 100 mL per kg of seeds before sowing. The granular microbial consortium and
compound fertilizer were mechanically incorporated into the seed furrow at a depth of
10–15 cm at sowing (19 May 2025). Application rates were standardized on a per-hectare
basis: 100 mL/ha for the rhizobial inoculant and 60 kg/ha for the microbial consortium.
All treatments received the same basal fertilizer rate of 300 kg/ha. Soil and plant samples
were collected at six soybean growth stages (emergence, branching, flowering, podding,
filling, maturity), and yield was measured at harvest (18 October 2025). During the soybean
growing season from May to October 2025, the mean air temperature was 18.2 ◦C and
total precipitation was 520 mm. This study was designed to compare inoculation strategies
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under a uniform conventional fertilization regime; all field treatments received the same
basal fertilizer rate, and treatment F served as the fertilization-only reference.

2.3. Determination Methods
2.3.1. Soybean Agronomic Traits and Yield

First pod height (cm) was measured from the soil surface to the height of the first pod
on the main stem. Plant height, root length, root fresh weight, nodule number, and leaf area
were measured at maturity. For pot experiments, 3 plants per pot were randomly selected;
for field experiments, 10 plants per plot were sampled. Yield was calculated by drying
harvested soybean to constant weight, and 100-seed weight and grain number per plant
were determined.

2.3.2. Soil Physicochemical Properties

Soil samples (0–20 cm) were collected using the five-point sampling method. Soil
pH was measured at a soil-to-water ratio of 1:2.5 (w/v). Organic matter was deter-
mined by the potassium dichromate oxidation-volumetric method. Alkali-hydrolyzable
nitrogen was measured by the alkali hydrolysis-diffusion method. Available phos-
phorus was extracted with 0.5 M NaHCO3 (pH 8.5) and determined by molybdenum-
antimony colorimetry. Available potassium was extracted with 1 M NH4OAc and
measured by flame photometry. Soil water content was calculated by drying at 105 ◦C to
constant weight.

2.3.3. Soil Extracellular Enzyme Activities

Sucrase activity was determined by 3,5-dinitrosalicylic acid colorimetry, urease by
phenol-sodium hypochlorite colorimetry, acid phosphatase by sodium phenylphosphate
colorimetry, and catalase by potassium permanganate titration.

2.3.4. Bacterial Community Analysis

Total genomic DNA was extracted from 0.5 g fresh soil per sample using the FastDNA®

SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA), and DNA purity and concentration
were verified by 1% agarose gel electrophoresis and a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Irvine, CA, USA).

The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified using
primers 515F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 907R (5′-CCGTCAATTCMTTTR
AGTTT-3′). PCR reactions were performed in a 25 µL system with 12.5 µL of 2 × Taq PCR
MasterMix, 3 µL of template DNA (20 ng/µL), 1 µL of each primer (5 µmol/L), and 7.5 µL
of nuclease-free water. The thermal cycling program was: initial denaturation at 95 ◦C for
5 min; 27 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 45 s; and final extension at
72 ◦C for 10 min.

PCR products were purified with a gel extraction kit (Qiagen, Hilden, Germany) and
used to construct sequencing libraries with the TruSeq Nano DNA LT Library Prep Kit
(Illumina, San Diego, CA, USA). High-throughput paired-end sequencing was performed
on the Illumina MiSeq PE300 platform.

Raw sequencing reads were demultiplexed, merged using FLASH v1.2.11, and quality-
filtered using Trimmomatic v0.39 with a quality threshold of Q20. Chimeric sequences were
removed using UCHIME v4.2. High-quality sequences were clustered into operational
taxonomic units (OTUs) at 97% sequence similarity using UPARSE v7.0.1090. Taxonomic
classification was assigned against the SILVA 138.1 database with a confidence threshold
of 70%. All samples were rarefied to the minimum sequencing depth for alpha and beta
diversity calculations. Alpha diversity indices (Chao1, ACE, Shannon, Simpson, Pielou’s
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evenness) and beta diversity (principal coordinates analysis, PCoA) were calculated using
QIIME v1.9.1.

2.4. Statistical Analysis

Data were processed with R 25.2 and SPSS 24.0. One-way ANOVA with Duncan’s
multiple range test was used to compare differences between treatments (p < 0.05). RDA and
Pearson correlation analysis were performed using CANOCO 5.0 and R Studio, respectively.

3. Results
3.1. Co-Inoculation Was Associated with Higher Soybean Performance

In the pot experiment, soybean growth responses varied with rhizobial strain and
inoculation combination. For HH103 rhizobia, the CRF treatment increased plant height
by 37.67%, above-ground fresh weight by 12.81%, and nodule number by 44.67%. For
TY3-5-1 rhizobia, the CRF treatment increased root length by 48.03% and nodule fresh
weight by 60.00%. These results indicate that the plant response to co-inoculation was
strain-dependent (Supplementary Tables S1 and S2).

Soybean agronomic traits differed among inoculation treatments in both pot and field
experiments (Table 1). In pot trials, compared with CK without exogenous inoculants, the
CRF increased soybean plant height by 12.52–37.67%, root length by 11.35–48.03%, and
above-ground fresh weight by 6.88–12.81% at maturity (p < 0.05). For nodulation, the
CK treatment produced no nodules, while the CRF treatment increased nodule number
by 24.78–44.67%, nodule fresh weight by 5.36–17.86%, and average nodule volume by
27.00% relative to RF (p < 0.01). The two rhizobial strains showed different response
patterns: Sinorhizobium fredii HH103 was associated with higher nodule number and nodule
fresh weight, whereas Bradyrhizobium japonicum TY3-5-1 was associated with greater plant
height and root elongation.

Table 1. Soybean growth and yield-related traits as affected by rhizobium and microbial
consortium inoculation.

Trait F CF RF CRF

Plant height (cm) 77.67 ± 2.18 79.67 ± 2.36 77.00 ± 2.10 79.67 ± 2.25
Plant density (plants m−2) 28.00 ± 0.58 28.67 ± 0.76 29.33 ± 0.58 28.50 ± 0.71

Seeds per plant 50.93 ± 1.74 53.50 ± 1.92 52.27 ± 1.63 52.77 ± 1.85
Root length (cm) 27.33 ± 1.16 30.53 ± 1.34 35.67 ± 1.52 31.33 ± 1.28

Root diameter (cm) 0.71 ± 0.04 0.64 ± 0.03 0.73 ± 0.04 0.81 ± 0.05
Root fresh weight (g) 7.63 ± 0.38 6.72 ± 0.34 6.08 ± 0.31 7.40 ± 0.42

Nodule number per plant 26.47 ± 1.86 37.53 ± 2.31 27.90 ± 1.94 20.60 ± 1.42
Plant fresh weight (g) 39.32 ± 1.97 34.77 ± 1.74 30.40 ± 1.61 35.55 ± 1.82

Leaf area (cm2) 30.89 ± 1.46 34.72 ± 1.62 26.66 ± 1.31 20.16 ± 1.08
100-seed weight (g) 16.30 ± 0.31 15.93 ± 0.28 15.93 ± 0.30 16.50 ± 0.33

Yield (kg ha−1) 2093.25 ± 58.64 2200.35 ± 67.25 2199.60 ± 62.48 2234.40 ± 70.16
Yield increase (%) — 5.00 5.00 7.00

Note: F, conventional fertilization; CF, conventional fertilization + multifunctional microbial consortium inocula-
tion; RF, conventional fertilization + rhizobial inoculation; CRF, conventional fertilization + rhizobial inoculation +
multifunctional microbial consortium co-inoculation. n = 3.

In field plot experiments, the CRF treatment increased soybean emergence rate by
7.34% compared with F (Table 1). At maturity, CRF significantly improved grain number
per plant and 100-seed weight relative to F (p < 0.05), leading to a yield of 2234.40 kg/ha,
6.74% higher than F, 1.50% higher than RF, and 1.54% higher than CF.
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3.2. Short-Term Treatment-Associated Differences in Soil Physicochemical Properties

Soil physicochemical properties differed among treatments across soybean growth
stages (Table 2). At maturity, soil pH was higher under CRF than under F by 3.81–5.59%,
alleviating soil acidification in the degraded black soil (p < 0.05). SOM values under CRF
were higher than those under F at several growth stages, with the largest relative difference
at the filling stage (37.50%). Soil water content also showed higher values under CRF than
under F across the six growth stages.

Table 2. Soil physicochemical properties of soybean rhizosphere at different growth stages under
various inoculation treatments.

Index Treatment SES BS FS PSS SFS MS

pH
F 6.13 ± 0.05 cC 6.03 ± 0.04 dC 6.09 ± 0.05 cC 6.13 ± 0.04 cB 6.05 ± 0.05 cB 6.21 ± 0.06 cB

CF 6.22 ± 0.04 bB 6.09 ± 0.05 cC 6.33 ± 0.06 bB 6.25 ± 0.05 bB 6.14 ± 0.04 bA 6.28 ± 0.05 bA
RF 6.23 ± 0.05 bB 6.19 ± 0.04 bB 6.43 ± 0.05 aA 6.30 ± 0.06 bA 6.21 ± 0.05 aA 6.30 ± 0.04 bA

CRF 6.26 ± 0.04 aA 6.28 ± 0.05 aA 6.18 ± 0.04 bC 6.37 ± 0.05 aA 6.20 ± 0.04 aA 6.35 ± 0.05 aA

SOM
(g kg−1)

F 32.8 ± 0.9 cC 33.4 ± 1.0 cB 29.0 ± 0.8 dC 31.5 ± 0.9 cC 32.0 ± 0.8 cC 33.5 ± 1.0 cC
CF 33.6 ± 0.9 cB 34.7 ± 1.1 bB 37.2 ± 1.0 bB 36.5 ± 1.1 bB 39.3 ± 1.2 bB 41.0 ± 1.3 bB
RF 36.2 ± 1.0 aA 37.1 ± 1.2 aA 35.9 ± 1.0 cB 41.3 ± 1.2 aA 40.0 ± 1.1 bB 42.4 ± 1.3 aA

CRF 35.0 ± 1.0 bA 37.3 ± 1.1 aA 39.2 ± 1.2 aA 41.0 ± 1.1 aA 44.0 ± 1.3 aA 43.6 ± 1.2 aA

SWC (%)
F 15.9 ± 0.5 dC 16.3 ± 0.6 cB 15.3 ± 0.5 dD 16.4 ± 0.6 cC 17.1 ± 0.5 dC 16.5 ± 0.6 dC

CF 17.1 ± 0.6 cB 18.2 ± 0.7 bB 17.6 ± 0.6 cB 19.1 ± 0.7 bB 18.0 ± 0.6 cC 18.8 ± 0.7 cB
RF 21.2 ± 0.7 bA 20.9 ± 0.8 aA 19.7 ± 0.7 bC 21.1 ± 0.8 aA 20.2 ± 0.7 bB 22.4 ± 0.8 bA

CRF 22.3 ± 0.8 aA 22.1 ± 0.7 aA 23.2 ± 0.8 aA 20.7 ± 0.7 aA 23.6 ± 0.9 aA 23.0 ± 0.8 aA

AP
(mg kg−1)

F 14.7 ± 0.6 dC 15.6 ± 0.7 dC 17.1 ± 0.7 cB 16.4 ± 0.6 cC 15.7 ± 0.6 cC 18.2 ± 0.8 cC
CF 16.4 ± 0.7 bB 18.7 ± 0.8 bB 19.1 ± 0.8 bA 20.0 ± 0.9 bB 18.7 ± 0.7 bB 20.4 ± 0.9 bB
RF 15.4 ± 0.6 cB 16.8 ± 0.7 cC 17.2 ± 0.7 cB 19.6 ± 0.8 bB 18.8 ± 0.8 bB 21.0 ± 0.9 bA

CRF 17.8 ± 0.7 aA 21.9 ± 1.0 aA 20.4 ± 0.9 aA 21.3 ± 0.9 aA 22.4 ± 1.0 aA 21.9 ± 0.9 aA

AK
(mg kg−1)

F 143.2 ± 4.3 cC 144.3 ± 4.5 cC 151.3 ± 4.8 cB 150.4 ± 4.6 cC 152.4 ± 4.9 bB 156.0 ± 5.1 cC
CF 166.0 ± 5.2 aA 159.4 ± 4.9 bB 162.5 ± 5.0 aA 169.3 ± 5.4 aA 171.6 ± 5.7 aA 170.9 ± 5.5 bB
RF 158.4 ± 4.8 bB 161.4 ± 5.0 bA 163.5 ± 5.1 aA 171.7 ± 5.6 aA 169.9 ± 5.4 bA 173.5 ± 5.8 aA

CRF 161.7 ± 5.0 bA 165.4 ± 5.2 aA 159.4 ± 4.8 bA 162.4 ± 5.1 bB 168.7 ± 5.3 bA 171.8 ± 5.6 bA

AN
(mg kg−1)

F 13.98 ± 0.5 bB 14.55 ± 0.51 cC 16.17 ± 0.58 dD 15.98 ± 0.55 cC 16.78 ± 0.61 cC 16.90 ± 0.63 dD
CF 12.66 ± 0.44 cC 14.05 ± 0.49 cC 16.78 ± 0.60 cC 15.57 ± 0.54 cC 18.98 ± 0.69 bB 17.87 ± 0.65 cC
RF 14.09 ± 0.50 bB 15.09 ± 0.53 bB 17.36 ± 0.62 bB 18.36 ± 0.67 bB 21.98 ± 0.82 aA 19.32 ± 0.71 bA

CRF 15.43 ± 0.54 aA 17.36 ± 0.63 aA 18.92 ± 0.70 aA 19.37 ± 0.72 aA 18.89 ± 0.68 bB 20.81 ± 0.78 aA

Note: F, conventional fertilization; CF, conventional fertilization + multifunctional microbial consortium inoc-
ulation; RF, conventional fertilization + rhizobium inoculation; CRF, conventional fertilization + rhizobium +
multifunctional microbial consortium co-inoculation. SES, seedling emergence stage; BS, branching stage; FS,
flowering stage; PSS, pod setting stage; SFS, seed filling stage; MS, maturity stage. SOM, soil organic matter;
SWC, soil water content; AP, available phosphorus; AK, available potassium; AN, alkali-hydrolyzable nitrogen.
Different lowercase letters in the same column indicate significant differences at p < 0.05; different uppercase
letters in the same row indicate significant differences at p < 0.05. n = 3.

For soil nutrients, CRF showed higher AN and AP values than F at most growth stages.
AN content in CRF increased by 7.51–21.14% compared with F, with the highest content
at maturity, 25.17% higher than at emergence. AP and AK in CRF were 19.29–42.68% and
5.35–20.33% higher than F, respectively. These results indicate short-term treatment-
associated variation in soil fertility-related indicators during one soybean growing season.

3.3. Effects on Soil Extracellular Enzyme Activities

Soil extracellular enzyme activities (sucrase, urease, acid phosphatase, and catalase)
varied among treatments and soybean growth stages, and CRF generally showed higher
activities of sucrase, urease, and acid phosphatase than F at maturity (Figure 1).

At maturity, sucrase activity in CRF (38.6 ± 2.1 U/g·d) was 18.6% higher than F
(32.6 ± 1.8 U/g·d), indicating a higher measured sucrase activity under CRF. Urease ac-
tivity in CRF was 15.3% higher than F, showing a higher measured urease activity under
CRF. Acid phosphatase activity in CRF was 22.4% higher than F, facilitating phosphorus
mobilization from organic matter. Catalase activity in CRF was slightly higher than other
treatments but showed no significant difference (p > 0.05), suggesting that catalase, linked
to soil antioxidant defense, was less responsive to inoculation. Notably, the enzyme activity
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ratios (urease/sucrase, acid phosphatase/urease) in CRF were more balanced than in other
treatments. These enzyme results indicate treatment-associated differences in biochemical
activity, but direct nutrient transformation rates were not measured.

Figure 1. Soil enzyme activities under different inoculation treatments across six soybean growth
stages. (a) Sucrase (Suc), (b) urease (Ure), (c) catalase (CAT), (d) acid phosphatase (ACP). F: con-
ventional fertilization; CF: fertilization + rhizobia; RF: fertilization + microbial consortium; CRF:
fertilization + rhizobia + consortium. SES: seedling emergence; BS: branching; FS: flowering; PSS:
pod setting; SFS: seed filling; MS: maturity. n = 3. Asterisks indicate significant differences between
treatments: p < 0.05 (*) and p < 0.01 (**).

3.4. Effects on Soil Bacterial Community Structure

The Venn diagram showed that the CRF treatment had the highest OTU abundance
(4491), which was 11.70% higher than that of F (Supplementary Figure S1). The alpha
diversity analysis (Supplementary Table S3) indicated that the CRF treatment had the
highest Chao1 and ACE indices, confirming a significant increase in bacterial OTU richness.
In contrast, the Shannon and Simpson indices were lower under CRF than under CF, and
Pielou’s evenness index was also significantly reduced in the CRF treatment (p < 0.05). This
pattern indicates that co-inoculation promoted the detection of additional rare taxa while
enriching a subset of dominant taxa, resulting in reduced community evenness rather than
a uniform increase in overall diversity.

At the phylum level (Supplementary Figure S2a), the dominant phyla in all treat-
ments were Proteobacteria (25.29–37.03%), Acidobacteria (28.34–40.16%), and Chloroflexi
(10.21–15.36%). The CRF treatment had the highest relative abundance of Bacteroidetes
(12.35%), while RF had the highest relative abundance of Proteobacteria (37.03%). At the
genus level (Supplementary Figure S2b), the dominant genera were Candidatus_solibacter
(8.32–12.45%), Bryobacter (6.78–9.87%), and Sphingomonas (5.43–8.62%). LEfSe analysis
identified Luteibacter and Rickettsia as biomarkers under CRF (LDA ≥ 3.00). PCoA analy-
sis (Figure 2a) showed that the bacterial communities of CF and RF were clearly separated,
while the CRF community basically covered the ranges of CF and RF, explaining 59.30%
and 19.90% of the variation at the phylum level, and 54.50% and 16.50% at the genus level
(Supplementary Figure S3). These results indicate that co-inoculation was associated with
shifts in bacterial community composition.

3.5. Relationships Between Soil Factors, Bacterial Community, and Soybean Yield

Redundancy analysis (RDA) revealed that among the measured soil variables,
soil pH explained the largest proportion of bacterial community variation, explaining
11.63% (phylum level) and 13.24% (genus level) of the variation (Figure 3). AN and AK
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were the next important drivers, explaining 4.62–9.40% of the variation. Heatmap analysis
showed that AN was significantly positively correlated with Latescibacteria and FCPU426
at the phylum level (p < 0.01), and significantly negatively correlated with Luteibacter at
the genus level (p < 0.05; Supplementary Figure S4). SOM was significantly positively
correlated with Acidothermus at the genus level (p < 0.01).

(a) 

(b) 

Figure 2. Principal coordinates analysis (PCoA) of bacterial community composition at the phylum
(a) and genus (b) levels under different treatments.

(a) 

 

(b) 

Figure 3. Redundancy analysis (RDA) showing relationships between soil variables and bacterial
community composition at the phylum (a) and genus (b) levels.

https://doi.org/10.3390/land15071270

https://doi.org/10.3390/land15071270


Land 2026, 15, 1270 9 of 13

Pearson correlation analysis showed that soybean yield under CRF was positively
correlated with SOM (r = 0.655, p < 0.05) and AN (r = 0.702, p < 0.05), whereas AK was
negatively correlated with yield (r = −0.708, p < 0.01; Table 3). Although soil pH showed a
statistically significant association with yield, the correlation coefficient was low (r = 0.146),
and this relationship should be interpreted cautiously.

Table 3. Pearson correlation analysis between soybean yield and soil physicochemical properties.

Treatments pH SWC (%) SOM (g/kg) AP (mg/kg) AK (mg/kg) AN (mg/kg)

F 0.071 * 0.012 0.342 0.128 ** 0.390 0.125
CF −0.136 ** 0.526 * 0.142 0.091 0.638 * 0.520
RF 0.031 0.681 * −0.798 ** −0.217 * 0.382 0.461

CRF 0.146 ** 0.385 0.655 * 0.071 −0.708 ** 0.702 *
Footnote: F, conventional fertilization; CF, conventional fertilization + rhizobium inoculation; RF, conventional
fertilization + multifunctional microbial consortium inoculation; CRF, conventional fertilization + rhizobium +
multifunctional microbial consortium co-inoculation. * Significant correlation at p < 0.05 (two-tailed); ** significant
correlation at p < 0.01 (two-tailed).

4. Discussion
4.1. Co-Inoculation Was Associated with Higher Soybean Performance

The combined application of rhizobia and the microbial consortium was associated
with higher soybean yield and changes in several agronomic traits [20]. CRF consistently
improved soybean agronomic traits and yield relative to fertilization-only and single
inoculation treatments, suggesting a potential complementary effect between rhizobia
and the microbial consortium [18,21]. In pot trials, CRF markedly increased plant height,
root length, and above-ground biomass at maturity, and increased nodulation-related
traits compared with the non-inoculated control [22]. RF and CRF further increased
nodule number, nodule fresh weight, and mean nodule volume, supporting the view that
the compound inoculant may have influenced rhizobial symbiosis, although nodulation
efficiency and nitrogen fixation rates were not directly measured (Table 1) [23]. Moreover,
the two rhizobial strains displayed distinct response profiles (HH103 favoring nodule
number and fresh weight, TY3-5-1 favoring plant height/root elongation), suggesting that
co-inoculation benefits can manifest through different plant–microbe interaction pathways
depending on strain identity (Supplementary Tables S1 and S2) [24].

Rhizobia form symbiotic nodules with soybean roots to fix atmospheric nitrogen,
while compound inoculants contain phosphorus-solubilizing and potassium-solubilizing
bacteria that enhance the availability of soil nutrients [18,25]. Three levels of evidence can
be distinguished in interpreting the observed treatment responses. First, directly observed
responses include improved nodulation traits, higher soybean yield, increased rhizosphere
nutrient concentrations, enhanced C- and N-cycling enzyme activities, and shifts in bacterial
community composition under co-inoculation. Second, associations supported by the
present dataset include positive correlations between alkali-hydrolyzable nitrogen, soil
organic matter, and soybean yield. Third, putative but untested mechanisms that may
underlie the observed patterns include: (1) effects consistent with enhanced biological
nitrogen fixation by rhizobia and improved phosphorus and potassium mobilization by the
Bacillus-based consortium [26]; (2) potential stimulatory effects of consortium metabolites
(e.g., organic acids, amino acids) on rhizobial nodulation and symbiotic performance [27];
and (3) possible improvements in soil structure and water-holding capacity that benefit
root growth. None of these mechanistic pathways were directly quantified in the present
study [28]. Further measurements of inoculant colonization, nitrogen fixation rate, plant
nutrient uptake, and microbial metabolites are required to verify these mechanisms.
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4.2. Short-Term Soil Property and Enzyme Activity Responses to Co-Inoculation

CRF plots showed higher values of pH, SOM, available nutrients, and selected enzyme
activities than the fertilization-only control at several soybean growth stages (Table 2).
However, because the field experiment covered only one soybean growing season, these
differences should not be interpreted as evidence of long-term soil fertility restoration,
persistent SOM accumulation, or reversal of soil acidification. The higher SOM values
observed at specific stages may reflect short-term variation in root-derived inputs, soil
moisture, or sampling heterogeneity rather than true long-term SOM accumulation [29].
The absence of a significant treatment effect suggests that the inoculation treatments did
not measurably alter this component of soil oxidative stress response under the conditions
of this one-season field experiment. This result also indicates that the responses of sucrase,
urease, and acid phosphatase should not be generalized to all soil enzyme systems. The
higher extracellular enzyme activities suggest greater potential for substrate transformation,
but enzyme activities alone do not directly demonstrate increased nutrient cycling rates.
These enzymes are involved in the decomposition of organic matter and the transformation
of nitrogen, phosphorus, and carbon [30,31]. The lack of significant change in catalase
activity may be related to its stable role in soil antioxidant defense, which is less affected by
microbial inoculation [32].

4.3. Responses of Bacterial Community Structure

The combined application of rhizobia and compound inoculants increased bacterial
OTU abundance and richness, indicating treatment-associated changes in bacterial richness
and evenness [33]. The dominant phyla (Proteobacteria, Acidobacteria, Chloroflexi) are
important participants in soil nutrient cycling and organic matter decomposition [34].
LEfSe identified Luteibacter and Rickettsia as biomarkers under CRF. However, because
this study used 16S rRNA gene amplicon sequencing, their functional roles cannot be
directly inferred [35]. PCoA analysis showed that the combined treatment integrated the
bacterial communities of single inoculants, suggesting that co-inoculation was associated
with bacterial community reassembly [36].

4.4. Key Factors Driving Community Changes and Yield

Soil pH was identified as the key environmental factor affecting bacterial community
structure, which is consistent with previous findings that pH regulates microbial commu-
nity composition by influencing nutrient availability and microbial activity [37]. AN was
positively correlated with soybean yield under CRF, suggesting that nitrogen availability
was closely associated with yield variation in this experiment [38]. The positive correlation
between soil organic matter and yield indicates an association within the measured dataset,
but it does not demonstrate that co-inoculation enhanced soil carbon sequestration within
one growing season [39,40].

5. Conclusions
In this one-season field study, rhizobia–consortium co-inoculation was associated with

higher soybean yield, altered rhizosphere soil indicators, increased activities of selected
extracellular enzymes, and shifts in bacterial community composition compared with
fertilization alone. The key findings are as follows: (1) The CRF treatment increased
soybean yield by 6.74% compared with conventional fertilization; (2) CRF showed higher
pH, organic matter, available nutrients, and selected extracellular enzyme activities at
specific growth stages; (3) bacterial richness increased while evenness-related indices
decreased, indicating treatment-associated community reassembly; and (4) soil pH and
alkali-hydrolyzable nitrogen were associated with bacterial community structure and
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soybean yield. These results suggest that rhizobia–consortium co-inoculation may be a
useful management option for short-term soybean performance in this black-soil field.
Multi-year, multi-site experiments with unfertilized controls and direct measurements of
nitrogen fixation, nutrient transformation, root exudates, and inoculant colonization are
needed to confirm the persistence and mechanisms of these effects.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/land15071270/s1, Figure S1: Venn of common OTU of
different treatments; Figure S2: Changes in the abundance of phylum (a) and genus under dif-
ferent treatments (b); Figure S3: Connetwork analysis of phylum (a) and genus (b) under differ-
ent treatments; Figure S4: The Heatmap of phylum (a) and genus (b) under different treatment;
Table S1: Changes of soybean mainly agronomic shape under different treatments; Table S2: Changes
of nodulation in soybean under different treatments; Table S3: Bacterial richness and diversity indexes
calculated by QIIME.
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