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Effects of reduced chemical
fertilizer application combined
with fulvic acid organic fertilizer
on soil enzyme activity, bacterial
communities, and peanut yield
Chen Sun*, Guolong Huai, Bin Wang*, Jiusheng Sun and Lei Cui
Institute of Agricultural Resources and Environment, Xinjiang Academy of Agricultural Sciences,
Urumqi, China
This study investigated the effects of combining chemical fertilizer and fulvic acid
(FA) organic fertilizer on soil enzyme activity, bacterial communities, and peanut
yield. Seven treatments were established using the peanut cultivar Shanhua No. 9:
no fertilization control (CK), conventional chemical fertilizer (A), 100% FA (B), 20% FA
+ 80% chemical fertilizer (C), 40% FA + 60% chemical fertilizer (D), 60% FA + 40%
chemical fertilizer (E), and 80% FA + 20% chemical fertilizer (F).High-throughput
sequencing was used to analyze bacterial community structure, and economic
bene�ts were evaluated. Results showed: (1) Treatments C, D, and E signi�cantly
increased catalase activity; treatment F elevated urease activity by 77.67% vs. CK;
treatment E enhanced sucrase activity by 60.71%. (2) FA application had a ratio-
dependent effect, enhancing bacterial richness and diversity in treatments C and D,
while excessive FA substitution in treatment E did not increase richness.(3)
Treatment E enriched Proteobacteria and Alphaproteobacteria, promoted
Azotobacter and Rhizobium, and decreased Bacillus and Streptomyces
abundance. (4) Soil nutrients, pH, salinity, and enzyme activity drove bacterial
community shifts. (5) Treatment D yielded 5893.35 kg ha-�, exceeding CK and A
by 28.52% and 8.39%, with optimal seed weight and kernel recovery. (6) Treatment
D showed highest economic return (49,089.3 yuan ha-�; input-output ratio 1:13.42).
Treatment D (40% FA + 60% chemical fertilizer) optimally enhanced soil biological
activity and microbial structure while achieving high yield and ef�ciency, supporting
reduced chemical fertilizer use.

KEYWORDS

bacterial community structure, chemical fertilizer reduction, fulvic acid organic
fertilizer, high-throughput sequencing, peanut yield, soil enzyme activity
1 Introduction

Peanut (Arachis hypogaea L.) is one of the most important leguminous crops
worldwide, ranking second in production after soybean. It also represents China’s
second-largest oilseed crop and a major cash crop, serving as a vital source of edible
vegetable oil and protein (1). Currently, excessive application of chemical fertilizers is still
common in agricultural production, primarily manifested by over-application of nitrogen
and phosphorus fertilizers, inadequate utilization of organic fertilizers, and insuf�cient
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attention to soil fertility management. These unsustainable practices
have led to progressive soil degradation, deterioration of the soil
ecological environment, and declining microbial diversity (2).
Excessive chemical fertilizer inputs can result in impaired peanut
growth, severe pod abortion, and substantial yield reduction.
Therefore, rational optimization and effective control of chemical
fertilizer application are essential (3).

Fulvic acid (FA) is a low-molecular-weight natural organic
compound that enhances the solubility of mineral components in
soil, thereby mobilizing and activating soil nutrients. Through
complexation reactions, FA increases nutrient bioavailability and
improves soil physicochemical properties (4, 5). Additionally, FA
can reduce salt concentrations in soil solutions, alleviate soil
salinity, and mitigate the harmful effects of salts on crops. It also
enhances fertilizer use ef�ciency. Moreover, FA contains abundant
organic matter that effectively buffers harmful anions and cations in
soil, increases cation exchange capacity, promotes root
development and seedling establishment, regulates plant growth,
and strengthens crop stress resistance (6).

The integrated application of organic fertilizers with reduced
chemical fertilizers not only mitigates the potential yield decline
associated with chemical fertilizer reduction but also activates soil
microbial activity and improves the soil micro-ecological
environment, thereby enhancing overall soil health (7). Ye et al.
(8) employed an environmentally friendly fertilization strategy
combining reduced chemical fertilizers with bio-organic
fertilizers, which improved soil fertility and increased the richness
of soil microbial communities while maintaining stable tomato
yields and enhancing fruit quality. Similarly, Ijaz et al. (9)
demonstrated that the combination of biochar with plant growth-
promoting rhizobacteria (PGPR) under reduced nitrogen,
phosphorus, and potassium fertilization in arid regions resulted in
increased peanut yields. Purbajanti et al. (10) reported that the
combined application of organic and inorganic fertilizers
signi�cantly enhanced peanut plant height, total chlorophyll
content, and nitrate reductase activity.

Soil enzymes function as critical catalysts in soil biochemical
processes, with their activity directly re�ecting nutrient
transformation capacity and microbial metabolic activity (11).
Key enzymes including urease, sucrase, and alkaline phosphatase
mediate nitrogen, carbon, and phosphorus cycling, respectively,
serving as crucial biological indicators for assessing soil fertility and
ecological function (12). Previous research has demonstrated that
organic fertilizer application can signi�cantly enhance soil enzyme
activity (13) and substantially increase bacterial and actinomycete
populations while decreasing fungal abundance. Such applications
also elevate the activities of key soil enzymes including urease,
catalase, sucrase, and alkaline phosphatase (14). However, the
synergistic effects of reduced chemical fertilizer application
combined with FA fertilizers on soil enzyme activity warrant
further investigation.

Soil microbial communities, particularly bacterial communities,
constitute a fundamental driving force behind soil nutrient cycling
and organic matter decomposit ion (15). Rhizosphere
microorganisms profoundly in�uence plant nutrient acquisition
and growth through complex plant-microbe interactions (16).
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The advent of high-throughput sequencing technology has
enabled researchers to comprehensively characterize the structural
and diversity changes of soil bacterial communities under different
fertilization regimes (17). While previous studies have con�rmed
that the integrated application of reduced chemical fertilizers with
organic fertilizers can signi�cantly improve soil microbial diversity
and functional stability (18), the speci�c mechanisms underlying
the role of FA organic fertilizers in this process remain
poorly understood.

To address these knowledge gaps, high-throughput sequencing
technology has been widely adopted for microbial diversity
assessment in recent years (19). By sequencing 16S rRNA gene
fragments directly from soil samples, this approach enables
comprehensive characterization of rhizosphere bacterial
community structure and diversity and has been extensively
applied in soil microbial ecology studies (20–22). Several studies
have investigated the effects of reduced chemical fertilizer
application combined with organic fertilizers on soil microbial
communities and crop productivity. For example, Shi et al. (23)
reported that such combined treatments signi�cantly increased soil
available nitrogen and phosphorus contents and improved cotton
growth and yield. Similarly, Abudurezike et al. (24) demonstrated
that organic fertilizer substitution under chemical nitrogen
fertilization effectively enhanced soil microbial community
structure and diversity in cotton �elds, with moderate to high
substitution ratios being most bene�cial.

Although numerous studies have con�rmed that the combined
application of organic fertilizers and reduced chemical fertilizers can
improve soil fertility, microbial diversity, and crop yield (8, 9, 23),
several critical knowledge gaps remain regarding the speci�c role of
fulvic acid (FA) in such fertilization systems. First, existing studies
primarily focus on general organic fertilizer substitution, while it
remains unclear whether FA functions mainly as a nutrient-
equivalent substitute for chemical fertilizers or whether its bene�ts
are derived from improving nutrient use ef�ciency at reduced
chemical fertilizer application rates. Second, although FA has been
reported to alleviate soil salinity and improve soil physicochemical
properties (4, 5), the relative contribution of salinity mitigation versus
nutrient supply to crop yield improvement has not been systematically
evaluated. Third, while reduced chemical fertilizer application
combined with organic fertilizers has been shown to enhance soil
microbial diversity (18, 24), the direct linkages among FA-induced
changes in rhizosphere bacterial community structure, soil enzyme
activity, and peanut yield formation remain insuf�ciently understood.

In Xinjiang, where peanut production is often constrained by
soil salinity, low organic matter content, and long-term excessive
chemical fertilizer application, systematic studies integrating soil
enzyme activity, rhizosphere bacterial community composition, and
crop productivity under FA substitution regimes are particularly
scarce. Moreover, the optimal substitution ratio of FA organic
fertilizer for chemical fertilizers that can simultaneously enhance
soil biological activity, improve microbial community structure,
maintain or increase peanut yield, and ensure economic bene�ts
remains unclear.

Therefore, this study employed high-throughput sequencing
technology to systematically investigate the effects of graded
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substitution ratios of fulvic acid organic fertilizer combined with
reduced chemical fertilizer application on soil enzyme activities,
rhizosphere bacterial community diversity and composition, peanut
yield components, and economic returns under �eld conditions in
Xinjiang. We hypothesized that appropriate FA substitution ratios
would enhance soil enzyme activities related to carbon, nitrogen,
and phosphorus cycling, optimize rhizosphere bacterial community
structure by enriching bene�cial functional groups, and ultimately
achieve stable or improved peanut yield while reducing chemical
fertilizer inputs. The �ndings of this study aim to provide a scienti�c
basis for FA application in sustainable peanut production systems
and offer practical guidance for fertilizer reduction strategies in arid
agricultural regions.
2 Materials and methods

2.1 Experimental site

The �eld experiments were conducted during the 2022 and
2023 growing seasons at the experimental base of Paotai Town
Meteorological Station (44°49�48.38� N, 85°34�47.18� E), located
within the 121st Regiment of the Eighth Agricultural Division of the
Xinjiang Production and Construction Corps, China. The region is
characterized by a temperate continental climate with typical arid
conditions. Annual precipitation ranges from 180 to 270 mm, while
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annual evaporation reaches 1,000 to 1,500 mm, resulting in a
markedly dry environment. The average frost-free period extends
from 147 to 191 days. The area receives abundant solar radiation,
with annual sunshine duration ranging from 2,318 to 2,732 h.

The experimental site consists of grey desert soil with a sandy
loam texture. Initial soil physicochemical properties, averaged over
the two-year experimental period, were as follows (Table 1): pH
8.15, total salt content 7.38 g kg-1, organic matter (OM) 7.25 g kg-1,
alkali-hydrolysable nitrogen (AN) 43.74 mg kg-1, available
phosphorus (AP) 75.53 mg kg-1, available potassium (AK) 289.37
mg kg-1, microbial biomass carbon (MBC) 319.4 mg kg-1, and
microbial biomass nitrogen (MBN) 4.76 mg kg-1.

2.2 Experimental design

The experiment employed a completely randomized block
design with seven fertilization treatments (Table 2): no
fertilization control (CK), conventional chemical fertilization (A),
100% FA (B), 20% FA + 80% chemical fertilizer (C), 40% FA + 60%
chemical fertilizer (D), 60% FA + 40% chemical fertilizer (E), and
80% FA + 20% chemical fertilizer (F). The conventional fertilization
treatment (A) was applied according to local agricultural standards
in Xinjiang: N 195 kg ha-1, P2O5 75.1 kg ha-1, and K2O 150 kg ha-1.
Each treatment was replicated three times, comprising 21 plots
in total.

The FA organic fertilizer (biochemical solid form) contained
�50% FA (mass fraction), N �3.5%, P2O5 �0.5%, K2O �10%, organic
matter �60%, Mg+Ca �2.9%, and chelated trace elements 0.5%,
supplied by Hainan Baishide Biotechnology Co., Ltd., Haikou,
China. Chemical fertilizers comprised urea (46.2% N), calcium
superphosphate (14.3% P2O5), and potassium sulfate (60% K2O),
Calcium fertilizer (15.5% N, 19% CaO, trace elements). All fertilizers
were applied as a single basal application prior to planting.

The experimental plots were arranged in a single-ridge, single-
row con�guration. Each plot consisted of four ridges, each measuring
10 m in length, with a plant spacing of 0.14 m and ridge spacing of
0.60 m, resulting in a plot area of 24 m�. Three replicates were
established for each treatment. All other management practices
followed standard local �eld management protocols.

The peanut cultivar used was Shanhua No. 9, developed by the
College of Agriculture, Shandong Agricultural University, China.
TABLE 2 Actual fertilizer application rates per plot (kg plot-�).

Treatment Fertilizer
ratio Urea Calcium

superphosphate
Potassium

sulfate
Calcium
fertilizer

Organic fertilizer
ratio FA

CK – – – – – – –

A 100% 15.15 18.90 10.80 5.40 0% 0.00

B 0% 0.00 0.00 0.00 0.00 100% 21.60

C 80% 12.15 15.15 8.70 4.35 20% 4.35

D 60% 9.15 11.40 6.45 3.30 40% 8.70

E 40% 6.00 7.50 4.35 2.10 60% 12.90

F 20% 3.00 3.75 2.10 1.05 80% 17.25
frontier
The above fertiliser application rates are referenced from the Xinjiang Uygur Autonomous Region local standard: Technical Speci�cations for High-Yield Cultivation of Peanuts under Plastic
Mulch with Drip Irrigation (DB 65/T 3989-2017); organic fertiliser application rates are referenced from the product’s recommended usage. Urea (420 kg ha-1), Calcium superphosphate (525 kg
ha-1), Potassium sulfate (300 kg ha-1), Calcium fertilizer (150 kg ha-1), FA(600 kg ha-1).
TABLE 1 Characteristics of soil samples for test.

121st Regiment, Tacheng Prefecture, Xinjiang,
China Value

pH 8.15

Salt content(g kg
-
�) 7.38

Organic matter(g kg
-
�) 7.25

Available nitrogen(mg kg
-
�) 43.74

Available phosphorus(mg kg
-
�) 75.53

Available potassium(mg kg
-
�) 289.37

Microbial carbon (mg kg
-
�) 319.40

Microbial nitrogen (mg kg
-
�) 4.76
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The cultivation system employed drip irrigation under plastic
mulch, with six rows per mulch sheet. Sowing was conducted on
April 29, 2022, and April 26, 2023, with corresponding harvest dates
of September 27, 2022, and September 29, 2023.

2.3 Determination items and methods

2.3.1 Soil sampling and analysis

Soil samples were collected at a depth of 0–20 cm on September
29, 2023, following peanut harvest. Five randomly selected sampling
points per plot were composited to form a representative soil
sample. The collected samples were immediately transferred into
centrifuge tubes, labeled, and stored at �20 °C for subsequent soil
enzyme activity analysis. For microbial community analysis,
rhizosphere soil samples were collected at harvest from 10
randomly selected plots per treatment with relatively uniform
plant growth. The samples were thoroughly homogenized and
analyzed in triplicate (25). The soil samples were sealed in sterile
bags, transported to the laboratory in insulated containers with ice
packs, passed through a 2-mm sieve, and stored at �80 °C for
analysis of soil bacterial community structure.

2.3.2 Determination of soil enzyme activities

Soil enzyme activities were determined by quantifying either the
release of reaction products or the consumption of substrates
during enzymatic processes. Speci�c substrates were added to soil
suspensions prepared in buffered solutions and incubated under
controlled conditions for predetermined time periods (26). The
activities of soil catalase (S-CAT), soil urease (S-UE), soil sucrase (S-
SC), and soil acid phosphatase (S-ACP) were measured. Urease,
sucrase, and acid phosphatase activities were determined using
colorimetric methods, whereas catalase activity was measured via
potassium permanganate titration. Notably, the catalase assay does
not require extended incubation, as the titration-based reaction
proceeds rapidly to completion. In contrast, urease activity
determination involved incubating soil samples with urea
substrate at 37 °C for 24 h, sucrase activity required incubation
with sucrose substrate at 37 °C for 24 h, and acid phosphatase
activity was assessed following incubation with disodium phenyl
phosphate substrate in acidic buffer at 37 °C for 1 h (27–29). All
enzyme activity assays were performed in triplicate, and the results
were expressed on a dry soil weight basis.

2.3.3 Soil microbial DNA extraction and high-
throughput sequencing

Total genomic DNA was extracted from freeze-dried soil samples
using the DNeasy PowerSoil DNA Isolation Kit (QIAGEN, Carlsbad,
CA, USA) according to the manufacturer’s protocol. DNA integrity
was assessed by 1% agarose gel electrophoresis, and DNA
concentration and purity were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scienti�c, Waltham, MA,
USA). Samples with DNA concentrations �20 ng mL-1 and
OD260/280 ratios between 1.8 and 2.0 were stored at �20 °C until
Frontiers in Soil Science 04
further analysis. The V3–V4 hypervariable region of the bacterial 16S
rRNA gene was ampli�ed using the primer pair 338F (5�-
A C T C C T A C G G GA G G C A G C A G -3 � ) a n d 8 06 R ( 5 � -
GGACTACHVGGGTWTCTAAT-3�) (30). PCR ampli�cation was
performed in a 30 mL reaction volume containing 10 ng of DNA
template, 0.2 mM of each primer, and 15 mL of Phusion High-Fidelity
PCR Master Mix (New England Biolabs, Ipswich, MA, USA). The
thermal cycling conditions were as follows: initial denaturation at 98 °
C for 1 min; 30 cycles of denaturation at 98 °C for 10 s, annealing at
55 °C for 30 s, and extension at 72 °C for 30 s; followed by a �nal
extension at 72 °C for 5 min. PCR products were veri�ed by 1.5%
agarose gel electrophoresis and subsequently puri�ed using AMPure
XP magnetic beads (Beckman Coulter, Brea, CA, USA) at a bead-to-
sample volume ratio of 0.8:1.Sequencing libraries were constructed
from the puri�ed amplicons using the TruSeq DNA Library Prep Kit
(Illumina, San Diego, CA, USA). Library concentrations were
quanti�ed using a Qubit 2.0 Fluorometer (Thermo Fisher Scienti�c,
Waltham, MA, USA), and fragment size distributions were assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). Quali�ed libraries were subjected to paired-end
sequencing (2 × 250 bp) on the Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA).

2.3.4 Bioinformatics analysis

Raw sequencing data were subjected to quality control to obtain
high-quality sequences suitable for downstream analysis. High-
quality sequences were clustered into operational taxonomic units
(OTUs) using the UPARSE algorithm implemented in Vsearch
(v2.7.1) with a sequence similarity threshold of 97%. Alpha-
diversity indices, including Shannon, Simpson, and Chao1
indices, were calculated using QIIME (v1.8.0). Non-metric
multidimensional scaling (NMDS) based on Bray–Curtis
dissimilarity was performed to explore differences in bacterial
community composition among fertilization treatments, and
principal component analysis (PCA) was conducted to further
assess community variation. Taxonomic composition bar charts
were generated using the ggplot2 package in R (v3.6.0) based on
species annotation and relative abundance data. Beta-diversity
distance matrices were computed using QIIME (v1.8.0), and
hierarchical clustering heatmaps based on weighted UniFrac
distances were constructed using R (v3.6.0). Metastats analysis
was performed using Mothur (v1.34.4) to identify statistically
signi�cant differences in microbial taxa among groups, and linear
discriminant analysis effect size (LEfSe) was conducted using
Python (v2.7) to identify differentially abundant taxa. Differential
abundance analysis was further performed using the DESeq2
package in R, based on normalized OTU count data. Taxa with
an absolute log2 fold change > 2 and an adjusted P value< 0.05 were
considered signi�cantly different between treatments. Finally,
Mantel tests based on Spearman’s rank correlation were
performed to evaluate the relationships between soil bacterial
communities and environmental factors, and correlation
heatmaps depicting associations between dominant bacterial
phyla and environmental variables were generated using Origin
2024 software (OriginLab Corp., Northampton, MA, USA).
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2.3.5 Determination of peanut yield

At physiological maturity, peanut plants from each plot were
harvested, and pods were collected, cleaned of debris, and weighed.
Moisture content was determined using a moisture analyzer. Plot
yield was calculated using the following formula:

Plot�yield�(kg) = Fresh�pod�weight�(kg)

� (1 � measured�moisture�content) ÷ (1 � 0:10)

where 0.10 represents the standard moisture content (10%).
Yield per unit area was calculated as follows:

Yield�(kg�ha�1) = Average�plot�yield�(kg) � 10, 000=Plot�area(m2)

where 10,000 is the conversion factor from square meters to
hectares (1 ha = 10,000 m�).

2.3.6 Statistical analysis

All experimental data were statistically analyzed using SPSS 22.0
software (IBM Corp., Armonk, NY, USA). One-way analysis of
variance (ANOVA) was employed to compare differences among
treatments, followed by Tukey’s honestly signi�cant difference
Frontiers in Soil Science 05
(HSD) test for post hoc pairwise comparisons at a signi�cance
level of P< 0.05. Principal component analysis (PCA) and
correlation analyses were performed using R software (v3.6.0),
and data visualization was conducted using Origin 2024 software
(OriginLab Corp., Northampton, MA, USA). All data are presented
as means – standard deviation (SD).
3 Results and analysis

3.1 Effects of reduced chemical fertilizer
application combined with FA on soil
enzyme activities

As shown in Figures 1a, soil catalase (S-CAT) activity differed
signi�cantly among the fertilization treatments (P< 0.05). Treatments
C, D, and E showed signi�cantly higher S-CAT activity than CK (P<
0.05), with mean increases of 15.52%, 13.53%, and 13.28%, respectively,
and no signi�cant differences were observed among these three
treatments. Treatment F also showed a signi�cantly higher S-CAT
activity than CK (P< 0.05); however, no signi�cant differences were
detected between treatment F and treatments A, B, C, D, or E (P > 0.05).
FIGURE 1

Effects of different fertilization treatments on soil enzyme activities. CK: Control group (no fertilizer application); (A–F): Treatments involving distinct
combinations of chemical fertilizers and humic acid-based organic fertilizers (refer to Table 1). Different lowercase letters above the bars denote
statistically signi�cant differences among treatments at the p < 0.05 level.
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As illustrated in Figures 1b, all treatments involving reduced
chemical fertilizer combined with FA resulted in higher soil urease
activity. Among them, treatment F exhibited the highest urease
activity, which was signi�cantly higher than that of CK and
treatment A (P< 0.05), with increases of 77.67% and 55.61%,
respectively. No signi�cant differences were observed between
treatment F and treatments D or E (P > 0.05), indicating that
these three treatments were comparable in their effectiveness in
enhancing urease activity.

As shown in Figures 1c, sucrose activity in treatment B was
signi�cantly lower than that in all other treatments (P< 0.05). In
contrast, treatments E and C signi�cantly enhanced sucrose activity
and were both signi�cantly higher than CK and treatment A (P<
0.05). Treatment E showed the greatest increase, with sucrose
activity rising by 60.71% and 63.93% compared with CK and
treatment A, respectively, followed by treatment C, which
increased by 25.93% and 28.46%, respectively. No signi�cant
differences in sucrose activity were observed among CK and
treatments A, D, or F (P > 0.05).

As presented in Figures 1d, treatments A and D signi�cantly
increased soil acid phosphatase activity, with no signi�cant
difference between the two treatments (P > 0.05); however, both
were signi�cantly higher than CK (P< 0.05), exceeding CK by
52.44% and 37.22%, respectively. In contrast, treatments B, C, E,
and F showed no signi�cant differences compared with CK (P >
0.05), indicating that these treatments did not signi�cantly affect
acid phosphatase activity.

3.2 Microbial community sequencing of
rhizosphere soil samples

Bacterial communities across all rhizosphere treatments yielded
a total of 41 phyla, 123 classes, 318 orders, 483 families, 836 genera,
and 280 species. A total of 1,443,775 high-quality sequences were
obtained, with sample D yielding the highest number (224,603
sequences) and sample E the lowest (186,642 sequences). The
average sequence length across treatments ranged from 439.79 to
468.13 bp, with a maximum length of 486.25 bp observed across all
samples. As illustrated in Figure 2, the rhizosphere soil samples
from all treatments collectively harbored 674 unique OTUs.
Treatment C exhibited the highest number of OTUs (2689),
whereas treatment E had the lowest (2084).

3.3 Alpha diversity analysis

3.3.1 Rarefaction curves

Rarefaction curves re�ect the microbial diversity of samples at
varying sequencing depths and indirectly indicate species richness.
For all samples, the curves tended to plateau at approximately
10,000–20,000 reads, suggesting that the sequencing depth was
suf�cient to capture the majority of species present in the
samples. This adequate coverage enabled comprehensive analysis
of the microbial community structure (Figure 3). OTU richness
varied among treatments, with treatment A exhibiting the highest
species richness (Sobs index of approximately 2700), while
treatment E showed relatively lower richness (approximately 2000).
Frontiers in Soil Science 06
3.3.2 Diversity indices

As presented in Table 3, the coverage indices for all samples
exceeded 0.9980, indicating that the sequencing depth adequately
captured the vast majority of species within each microbial
community. The Sobs, Chao1, and ACE richness indices ranged
from 2216 to 2571, 2220.642 to 2595.319, and 2224.291 to 2603.098,
respectively, with values being relatively comparable across samples.
Notably, treatment C exhibited consistently higher richness indices,
whereas the E treatment showed lower values. Furthermore, both
the Shannon and Simpson diversity indices were higher in
treatment F compared to other treatments.

Comparative analysis of Alpha diversity indices across different
treatments with respect to the observed species index, treatment C
differed signi�cantly from CK, A, B, and E (P< 0.05), exceeding
FIGURE 2

Number of soil bacterial OTUs. Distribution of OTUs across
treatments. Numbers indicate unique OTUs per treatment; 674 core
OTUs were shared among all treatments.
FIGURE 3

Rarefaction curve.
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these treatments by 13.16%, 11.06%, 10.15%, and 16.20%,
respectively. No signi�cant differences were detected among the
other treatments. The ACE index reached its maximum value in
treatment C, which was signi�cantly higher than all other
treatments (P< 0.05), whereas no signi�cant differences were
observed among CK, A, and E treatments. Similarly, the Chao1
index exhibited its highest value in treatment C, signi�cantly
surpassing CK, A, B, and E (P< 0.05) by 13.93%, 11.30%, 10.74%,
and 16.88%, respectively. No signi�cant differences were found
between treatments D and F. Good’s coverage index showed no
signi�cant differences among all treatments. The Shannon index
revealed that treatment F was signi�cantly higher than treatments
CK and E (P< 0.05), exceeding them by 2.37% and 2.27%,
respectively, while no signi�cant differences were observed among
the remaining treatments. The Simpson index showed no
signi�cant differences among all treatments.

Collectively, these results indicate that moderate substitution
ratios of FA organic fertilizer (particularly treatment C and D)
enhanced bacterial community richness, whereas excessive
substitution (treatment E) did not improve richness and even
resulted in lower Chao1 values compared with CK and A. These
�ndings suggest that the effect of FA on bacterial richness is dependent
on substitution ratio rather than being universally stimulatory.

3.4 Beta diversity analysis

3.4.1 Principal coordinate analysis

The PCoA revealed that PCoA1 and PCoA2 accounted for
34.16% and 24.69% of the total variance, respectively. Each
treatment exhibited a high degree of sample aggregation, with
signi�cant differences observed among treatments A, B, C, D, E,
F, and CK (Figure 4).

Based on non-parametric multivariate analysis of similarity
(ANOSIM), the results showed that the R values between all
treatment groups were greater than 0.25, and most P values were
lower than 0.05 (Table 4), indicating that different treatments
signi�cantly affected the soil bacterial community structure. Among
them, the difference between CK and treatment D was the most
pronounced (R = 0.724, P< 0.001). In contrast, the difference between
treatments C and D was relatively small (R = 0.265, P = 0.073),
indicating a weak separation between these two treatments.
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3.4.2 Bacterial differential abundance analysis

The top 20 most abundant genera were selected based on
species abundance data at the genus level for each sample.
Samples and species were clustered according to abundance
patterns, and a heatmap was generated (Figure 5) to facilitate the
visualization of species abundance across samples. The results
indicate that CK and A treatments clustered together, suggesting
high similarity in soil bacterial communities between these
treatments. Similarly, treatments B, C, D, E, and F also clustered
together, re�ecting high similarity among these �ve treatments.
Signi�cant differences in bacterial taxon abundance were observed
TABLE 3 Alpha diversity index of rhizosphere soil sample sineach treatment.

Treatment
Community richness Community diversity

Coverage
Sobs Ace Chao1 Shannon Simpson

CK 2272.0 – 104.73c 2282.30 – 104.10d 2277.98 – 104.22c 10.12 – 0.10a 0.99797 – 0.00028a 0.99926 – 0.00015a

A 2315.0 – 106.57b 2337.22 – 110.12cd 2331.82 – 109.37b 10.13 – 0.12a 0.99814 – 0.00026a 0.99863 – 0.00018a

B 2334.0 – 133.94b 2350.90 – 131.87c 2343.66 – 131.71b 10.17 – 0.15a 0.99826 – 0.00019a 0.99895 – 0.00037a

C 2571.0 – 71.91a 2603.10 – 81.61a 2595.32 – 83.27a 10.26 – 0.08a 0.99815 – 0.00024a 0.99816 – 0.00044a

D 2516.0 – 194.46ab 2549.44 – 197.89b 2540.50 – 196.93a 10.23 – 0.16a 0.99817 – 0.00023a 0.99809 – 0.00021a

E 2216.0 – 225.05c 2224.30 – 233.07d 2220.64 – 230.04c 10.13 – 0.20a 0.99798 – 0.00044a 0.99943 – 0.00052a

F 2524.0 – 109.71ab 2546.67 – 115.87b 2540.73 – 115.61a 10.36 – 0.02a 0.99851 – 0.00001a 0.99859 – 0.00034a
Lowercase letters in the same column indicate the difference between the four treatments(P< 0.05). The same as below.
TABLE 4 Signi� cance of differences in community structure between groups.

Bacterial anosim R-value P-value

CK:A 0.563 0.001

CK:B 0.689 <0.001

CK:C 0.592 0.002

CK:D 0.724 <0.001

CK:E 0.531 0.003

CK:F 0.618 0.001

A:B 0.476 0.008

A:C 0.332 0.037

A:D 0.298 0.051

A:E 0.581 0.001

A:F 0.425 0.014

B:C 0.401 0.023

B:D 0.367 0.034

B:E 0.625 <0.001

B:F 0.512 0.006

C:D 0.265 0.073

C:E 0.608 <0.001

C:F 0.489 0.007

D:E 0.542 0.002

D:F 0.443 0.018

E:F 0.328 0.046
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between the CK and A treatments compared to the other �ve
treatments (B, C, D, E, and F).

Combined with the volcano plot (Figure 6), DESeq2 analysis
identi�ed signi�cant differences in the abundance of 136 bacterial
taxa between treatments (log2 fold change > 2, adjusted P< 0.05).
Taxa signi�cantly enriched in the reduced fertilizer plus organic
fertilizer treatments included the genus Diazotroph (D vs. CK,
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log2FC = 3.1, Padj< 0.001), the genus Rhizobium (E vs. CK,
log2FC = 2.9, Padj< 0.01), and the genus Haliangium (F vs. CK,
log2FC = 3.6, Padj< 0.001). Conversely, potential soil pathogen
genera—Bacillus (D vs. CK, log2FC = �3.1, Padj< 0.05) and
Streptomyces (D vs. CK, log2FC = �3.3, Padj< 0.05)—showed
signi�cant reductions following the application of organic
fertilizer. These �ndings suggest that organic fertilizer application
optimizes soil bacterial community structure by promoting the
proliferation of bene�cial microorganisms while simultaneously
suppressing the growth of potential pathogens.

3.5 Analysis of peanut rhizosphere
microbial community structure

3.5.1 Bacterial community structure at the
phylum level

A total of 41 bacterial phyla were identi�ed across all treatment
samples. The top 20 phyla by relative abundance were analyzed (the
remaining phyla with relative abundances<1.79% were grouped as
“Others”), with their combined relative abundance accounting for
more than 98.3% of the total bacterial community. The dominant
bacterial phyla across all treatments were Proteobacteria,
Acidobacteriota, Gemmatimonadota, Chloro�exi, Actinobacteriota,
Bacteroidota, and Planctomycetota, each exhibiting relative
FIGURE 5

Bacterial differentia abundance.
FIGURE 4

PCoA analysis of soil bacterial.
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abundances exceeding 6.31%. Among these, Proteobacteria
exhibited the highest average relative abundance (20.95%),
followed by Acidobacteriota (17.14%) and Gemmatimonadota
(13.97%), whereas Chloro�exi and Actinobacteriota showed
relative abundances of 9.86% and 8.33%, respectively (Figure 7).

Different fertilization treatments exerted distinct effects on the
relative abundances of the dominant phyla. Treatment E signi�cantly
enhanced the relative abundance of Proteobacteria, with increases of
11.76%, 7.67%, 9.37%, and 11.60% compared to treatments A, D, F,
and CK, respectively. Treatment C markedly increased the relative
abundance of Acidobacteriota by 33.41%, 19.19%, 6.93%, 19.61%,
26.60%, and 109.38% relative to treatments A, B, D, E, F, and CK,
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respectively. Conversely, organic fertilizer application signi�cantly
decreased the relative abundance of Gemmatimonadota, with
reductions of 26.56%, 25.47%, 42.87%, 27.92%, 29.82%, and 28.98%
observed in treatments A, B, C, D, E, and F, respectively, compared to
CK. These �ndings demonstrate that organic fertilizer application
rate plays a crucial role in modulating the composition of peanut
rhizosphere bacterial communities.
3.5.2 Bacterial community structure at the class
level

A total of 123 bacterial classes were identi�ed across all
treatment samples. The top 20 classes by relative abundance were
analyzed (the remaining classes with relative abundances<0.173%
were grouped as “Others”), with their combined relative abundance
averaging 82.79% of the total bacterial community. The dominant
bacterial classes (relative abundance �5%) comprised �ve groups:
Alphaproteobacteria, Gammaproteobacteria, Vicinamibacteria,
Bacteroidia, and Gemmatimonadetes. Among these, only
Alphaproteobacteria exhibited a relative abundance exceeding
10%, reaching 11.37% (Figure 8).

Different fertilization treatments exerted signi�cant effects on
the relative abundances of the dominant bacterial classes.
Treatment E markedly enhanced the relative abundance of
Alphaproteobacteria, with increases of 40.50%, 20.26%, 32.18%,
18.50%, 19.34%, and 36.06% compared to treatments A, B, C, D,
F, and CK, respectively. Treatment C signi�cantly elevated the
relative abundance of Gammaproteobacteria by 12.69%, 19.86%,
26.15%, 34.79%, 29.60%, and 16.04% relative to treatments A, B, D,
E, F, and CK, respectively. In contrast, organic fertilizer application
FIGURE 7

Relative abundance of microbial communities at the phylum level.
FIGURE 6

Differential expression analysis of bacteria.
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