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Abstract

Soil salinization poses a significant threat to agricultural sustainability. This study investi-
gated the effects of different microbial fertilizers on the rhizosphere fungal community and
physicochemical properties of saline–alkali soil cultivated with sunflower. Three microbial
fertilizers were applied at three concentration gradients to two sunflower varieties with
contrasting salt–alkali tolerance (salt-tolerant NX53177 and salt-sensitive NKY1502) to eluci-
date the mechanisms underlying microbial fertilizer-mediated amelioration of saline–alkali
soils. Among all treatments, the application of Aikesa microbial fertilizer at 50 g per pot
(treatments T8 and T17) demonstrated the most pronounced ameliorative effects. In the
salt-tolerant variety NX53177, the 50 g/L Aikesa fertilizer treatment increased the rela-
tive abundance of the beneficial genus Mortierella by 46.2%. It decreased the potentially
pathogenic genus Lophotrichus by 82.2% compared to the no-fertilizer control. Soil fungal
diversity was significantly improved, with the Shannon index increasing by 9.86% and the
Simpson index decreasing by 25.83%. Concurrently, critical soil properties were enhanced:
soil pH decreased by 7.79%, salinity decreased by 3.13%, and the contents of organic
matter, available nitrogen, available phosphorus, and available potassium increased by
42.13%, 49.96%, 12.34%, and 53.22%, respectively. In the salt-sensitive variety NKY1502, the
50 g/L Aikesa fertilizer treatment increased Mortierella abundance by 15.96% and decreased
Lophotrichus by 73.6% compared to the no-fertilizer control. The ACE and Shannon diversity
indices increased by 10.00% and 9.92%, respectively, while the Simpson index decreased by
12.17%. Soil health was also markedly improved, with pH decreasing by 7.47%, salinity by
2.95%, and substantial increases in organic matter (57.94%), available nitrogen (75.78%),
available phosphorus (13.20%), and available potassium (52.97%). In conclusion, the 50 g/L
Aikesa fertilizer treatment effectively improved the rhizosphere fungal community struc-
ture and significantly enhanced soil physicochemical properties under saline–alkali stress.
These findings provide a theoretical foundation and practical guidance for utilizing mi-
crobial fertilizers in ecological restoration and sustainable agricultural development of
saline–alkali lands.

Keywords: biofertilizer application; rhizosphere microbiome; fungal community diversity;
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1. Introduction
Soil salinization represents a global ecological and environmental challenge that poses

a serious threat to agricultural productivity and ecosystem stability [1]. In China, the total
area of saline–alkali land reaches 99.13 million hectares, accounting for approximately
one-tenth of the world’s total saline–alkali area [2]. Xinjiang, as a typical arid and semiarid
region in northwestern China, is particularly affected, with saline–alkali land covering
about 1.3 million hectares—about 22% of the national total [3]. Soil salinization deteriorates
soil physicochemical properties, impairs plant growth and development, and disrupts
ecosystem functioning, with cascading negative effects on agricultural and socioeconomic
systems. Specifically, under saline conditions, decreased soil osmotic potential and ex-
cessive ions such as Na+ and Mg2+ damage cellular structures, suppress photosynthetic
efficiency, reduce chlorophyll content, and interfere with nitrogen metabolism. These effects
lead to the accumulation of toxic intermediates, physiological drought, impaired nutrient
uptake, and ultimately, reduced crop growth, yield loss, and even plant mortality, thereby
constraining sustainable agricultural development [4,5].

Sunflower (Helianthus annuus L.) is a major oilseed crop in China, with an annual
cultivation area in Xinjiang ranging from 533,300 to 640,000 hectares. This accounts for
more than 60% of the region’s oil crop area and about 3.5% of its total cultivated land.
Recognized for its strong tolerance to salinity, drought, and low temperatures, sunflower
is well adapted to Xinjiang’s growing conditions. It can reduce soil moisture evaporation
and surface salt accumulation, maintaining relatively stable yield and oil quality under
abiotic stress. As such, sunflower is considered a promising species for bioremediation
of saline–alkali soils and holds strategic importance in safeguarding national edible oil
security [6].

Microbial fertilizers represent a novel category of bio-organic amendments with con-
siderable potential for sustainable agriculture. They contribute to enhancing soil fungal
diversity [7], improving soil structure and fertility, and promoting crop growth [8]. Their
mechanisms are largely based on the principle of “biological regulation,” involving both
the introduction of exogenous functional microorganisms and the modulation of the rhi-
zosphere microenvironment. Rhizosphere microorganisms, in particular, serve as key
mediators of plant–soil interactions and play an essential role in plant adaptation to saline–
alkali stress [9]. Studies have demonstrated that a healthy rhizosphere microbiome not only
facilitates nutrient acquisition but also strengthens plant stress tolerance through diverse
mechanisms [10]. Conversely, saline–alkali stress reduces microbial diversity, suppresses
growth-promoting bacteria, and disturbs fungal community composition, often increasing
the abundance of pathogenic fungi while reducing beneficial taxa such as arbuscular mycor-
rhizal fungi [11]. Research by Liang et al. [12] indicated that microbial fertilizer application
can effectively mitigate the increase in soil pH and total salt content, while improving
overall soil nutrient status. Beneficial microorganisms in these fertilizers secrete organic
acids through metabolism, which promote mineral dissolution, activate fixed nutrients, and
increase soluble ion concentrations in the soil solution. These processes help lower soil pH
and salinity while enhancing nutrient availability [13–15]. Different microbial inoculants
exert distinct effects: Bacillus subtilis primarily enhances bacterial diversity [16], whereas
Trichoderma species exerts more pronounced influences on fungal communities [17]. Fungi,
as crucial components of the soil microbiome, contribute significantly to nutrient cycling
and organic matter decomposition, especially in the early stages of crop residue breakdown,
during which they often exhibit stronger degradative capacity than bacteria and actino-
mycetes [18,19]. Fertilization is a key agricultural management practice that considerably
influences the structure of soil microbial communities [20]. However, the mechanisms by
which microbial fertilizers alleviate saline–alkali stress in sunflowers remain insufficiently
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understood. Therefore, this study systematically evaluates the effects of three types of
microbial fertilizers applied at three concentration levels, with a focus on their regulatory
roles in shaping rhizosphere microbial diversity and composition, driving soil nutrient
cycling, and facilitating the reconstruction of a healthy rhizosphere micro-ecology. The
results are expected to provide a theoretical basis and technical support for the ecological
restoration and sustainable utilization of saline–alkali soils.

2. Materials and Methods
2.1. Study Area Description

The experiment was conducted from 2023 to 2024 at the Anningqu Experimental Site
in the Xinshi District of Urumqi, Xinjiang Uygur Autonomous Region (87◦28′ E, 43◦56′ N).
The site was located in a pre-treated saline–alkali pond with 0.6% complex saline–alkali
stress (NaCl:NaHCO3 = 1:1). The experimental area is situated in a mid-temperate conti-
nental arid climate zone, characterized by an annual precipitation of 180–220 mm, a high
precipitation–drought index, and reliance on agricultural irrigation. The average tempera-
ture is 25.7 ◦C, with 2771.8 annual sunshine hours, a frost-free period of 174 days, and an
annual accumulated temperature of 4063.1 ◦C. The baseline soil properties are detailed in
Table 1.

Table 1. Baseline soil properties.

Hydrolysable N
(mg·kg−1)

Available K
(mg·kg−1)

Available P
(mg·kg−1)

Organic Matter
(g·kg−1)

Total Soil
Salinity (g/kg) pH EC

(µS/cm)

15.17 215.68 23.99 18.93 5.87 8.01 1408

2.2. Experimental Design

Two sunflower varieties with contrasting salt–alkali tolerance were selected as test
materials based on a preliminary screening of 167 domestic and international cultivars: the
salt–alkali tolerant variety NX53177 (supplied by China National Seed Group Co., Ltd.,
Beijing, China) and the non-salt–alkali tolerant variety NKY1502 (supplied by Xinjiang
Academy of Agricultural Reclamation Sciences, Shihezi, China). A randomized complete
block design was implemented with 20 treatments, each replicated three times, resulting
in a total of 60 experimental plots in Table 2. Each plot measured 12 m2 (5 m × 2.4 m).
The planting configuration utilized a wide-narrow row arrangement with double rows per
plastic mulch. Row spacing was set at (50 cm + 70 cm), with plant spacing maintained
at 30 cm. Sowing was conducted on 30 April 2024, using dry sowing with wet emer-
gence technique. Fertilization management followed standard field production practices,
with basal application of organic manure at 300 kg/hm2, and top-dressing applications of
urea (187.5 kg/hm2), acidic potassium diammonium phosphate (150 kg/hm2), and com-
pound fertilizer (300 kg/hm2). Three microbial fertilizers were evaluated: (1) Qiaosengen,
a composite bacterial microbial fertilizer produced by Hainan Jinyufeng Bioengineer-
ing Co., Ltd., Haikou, China (main component: ≥2.0 × 108 CFU/mL Bacillus subtilis).
(2) Polylactic acid, a high-polymer soil conditioner developed by Xinjiang Fengshou Tree
Biotechnology Co., Ltd., Shihezi, China (produced by catalytic ring-opening polymeriza-
tion using lactide as the raw material). (3) Aikesa composite microbial agent, a composite
fungal microbial fertilizer produced by Xinjiang Ainongshi Agricultural Co., Ltd., Shihezi,
China (containing Bacillus subtilis, Bacillus amyloliquefaciens, Paenibacillus mucilaginosus,
and Brevibacillus laterosporus). (4) A control treatment (CK) with no microbial fertilizer
application. This study was designed to systematically evaluate how different microbial
fertilizer treatments influence the physicochemical properties of sunflower rhizosphere
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soil and the structure of its resident microbial communities. The findings are expected
to provide a scientific basis for the rational application of microbial fertilizers in field
sunflower cultivation.

Table 2. Fertilization treatment of microbial fertilizers of different concentrations.

NX53177 NKY1502

Treatment
Fertilizer

Concentration
(g/L)

Treatment
Fertilizer

Concentration
(g/L)

Treatment
Fertilizer

Concentration
(g/L)

Treatment
Fertilizer

Concentration
(g/L)

ACK No microbial
fertilizer T5 100 g Polylactic

acid (medium) BCK No microbial
fertilizer T14 100 g Polylactic

acid (medium)

T1
100 g

Qiaosengen
(low)

T6 150 g Polylactic
acid (high) T10

100 g
Qiaosengen

(low)
T15 150 g Polylactic

acid (high)

T2
200 g

Qiaosengen
(medium)

T7 25 g Aikesa
(low) T11

200 g
Qiaosengen
(medium)

T16 25 g Aikesa
(low)

T3
300 g

Qiaosengen
(high)

T8 50 g Aikesa
(medium) T12

300 g
Qiaosengen

(high)
T17 50 g Aikesa

(medium)

T4 50 g Polylactic
acid (low) T9 75 g Aikesa

(high) T13 50 g Polylactic
acid (low) T18 75 g Aikesa

(high)

2.3. Sample Collection and Processing

At the key flowering stage of the sunflower, a critical period for the plant, samples
were collected on 15 July. Five representative, uniform, and healthy plants were selected
from each experimental plot. Rhizosphere soil samples were collected from the 0–20 cm
depth, carefully avoiding root damage. The soil adhering to roots within a 2 mm radius
was defined as rhizosphere soil. After collection, the samples were thoroughly mixed to
form composite samples. The composite samples were divided into two subsamples for
different analyses. One subsample was air-dried and sieved through 0.25 mm and 1 mm
meshes for analysis of soil physicochemical properties. The other subsample was placed in
sterile centrifuge tubes, immediately frozen in liquid nitrogen, and stored at −80 ◦C until
DNA extraction. High-throughput sequencing of the ITS rRNA gene region was performed
by Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China, to analyze fungal
community structure and diversity.

2.4. Measurement Items and Methods
2.4.1. Determination of Soil Physicochemical Properties

Soil physicochemical parameters were determined according to the methods described
in Bao Shidan’s Soil and Agricultural Chemistry Analysis: pH was measured with a pH meter
at a soil-to-water ratio of 2.5:1. EC was assessed with a conductivity meter. TN and SOM
were quantified using the semi-micro Kjeldahl method and the potassium dichromate ex-
ternal heating method, respectively. AN was determined via alkaline hydrolysis diffusion,
AP through sodium bicarbonate extraction and molybdenum antimony anti-colorimetric
analysis, and AK via ammonium acetate extraction and flame photometry. Elemental
composition was analyzed using inductively coupled plasma optical emission spectrom-
etry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) [21]. Soil
salinity was calculated from electrical conductivity (EC) measurements using the estab-
lished regression equation [22]: soil salinity (g/kg) = 0.004 × EC (µS/cm) + 0.237 (n = 81,
R2 = 0.974).
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2.4.2. High-Throughput Sequencing of Soil Fungi

DNA Extraction: Total genomic DNA was extracted from soil samples using the
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) following manufacturer’s
protocols. DNA quality was verified by 1% agarose gel electrophoresis, while concentration
and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA).

PCR Amplification: Using the extracted DNA as a template, the fungal ITS1
variable region was amplified by PCR using the barcoded forward primer ITS1F
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and reverse primer ITS2R (5′-
GCTGCGTTCTTCATCGATGC-3′) [23]. The PCR was performed using Pro Taq enzyme in
a total reaction volume of 20 µL, containing: 10 µL of 2 × Pro Taq Pre-Mix, 0.8 µL of each
forward and reverse primer (5 µM), and 1 µL of template DNA (10 ng/µL), with the final
volume adjusted to 20 µL with ddH2O. The reaction was carried out on an ABI GeneAmp®

9700 (Applied Biosystems, Foster City, CA, USA) thermocycler with the following program:
initial denaturation at 95 ◦C for 3 min; followed by a set number of cycles (each cycle
consisting of 95 ◦C for 30 s, a specified annealing temperature for 30 s, and 72 ◦C for 45 s);
and a final extension at 72 ◦C for 10 min, then held at 10 ◦C. The PCR products were
recovered using 2% agarose gel electrophoresis and purified with a DNA Gel Extraction
Kit (Axygen, Yuhua, China). The purified products were quantified using a Qubit 4.0
(Thermo Fisher Scientific, Waltham, MA, USA). A library was constructed from the purified
PCR products using the NEXTFLEX® Rapid DNA-Seq Kit (Bioo Scientific, Austin, TX,
USA), which involved: (1) adapter ligation; (2) removal of self-ligated adapter fragments
using magnetic beads; (3) enrichment of the library template by PCR amplification; and
(4) recovery of PCR products with magnetic beads to obtain the final library. Sequencing
was performed on the Illumina NextSeq 2000 platform (Shanghai Majorbio Bio-pharm
Technology Co., Ltd., Shanghai, China).

High-Throughput Sequencing Data Analysis: The raw paired-end sequencing reads
were quality-controlled using fastp software (v1.0.0) [24] and merged using FLASH soft-
ware (v1.0.0) [25]. Using UPARSE v7.1 [26,27], the quality-controlled and merged sequences
were clustered into Operational Taxonomic Units (OTUs) at 97% similarity, and chimeras
were removed during the clustering process. To minimize the effect of sequencing depth on
alpha and beta diversity analyses, all samples were normalized to 20,000 sequences. After
normalization, the average Good’s coverage for each sample remained at 99.09%. The RDP
classifier [28] (version 2.11) was used to assign taxonomic classification to OTUs against the
UNITE fungal database (Release 8.0) with a confidence threshold of 0.7. The community
composition of each sample was then determined at different taxonomic levels (domain,
kingdom, phylum, class, order, family, genus, species). Functional prediction of ITS was
performed using PICRUSt2 [29] (version 2.2.0).

Commonly used algorithms for microbial Alpha diversity indices are as follows:

SACE =

{
Sabund + Srare

CACE
+ n1

CACE
ŷ2

ACE, forŷACE < 0.80
Sabund + Srare

CACE
+ n1

CACE
ỹ2

ACE, forŷACE ≥ 0.80

• ni = number of OTUs containing one sequence; Srare = number of OTUs containing
“abund” or fewer sequences; Sabund = number of OTUs containing more than “abund”
sequences

Schao1 = Sobs +
n1(n1 − 1)
2(n2 + 1)
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• Schao1 = estimated number of OTUs; Sobs = observed number of OTUs; n1 = num-
ber of OTUs containing only one sequence; n2 = number of OTUs containing only
two sequences

Hshannon = −
Sobs

∑
i=1

nI

N
ln

ni

N

Sobs = observed number of OTUs; nI = number of sequences in the i-th OTU;
N = total number of sequences.

Dsimpson =
∑Sobs

i=1 ni(ni − 1)
N(N − 1)

Sobs = observed number of OTUs; ni = number of sequences in the i-th OUT;
N = total number of sequences.

2.5. Data Processing and Analysis

Excel 2022 was used for initial data organization. Statistical analysis, including one-
way analysis of variance (ANOVA) and Duncan’s test at p < 0.05, was performed using
IBM SPSS Statistics 27 (Statistical Graphics Corp, Princeton, NJ, USA). Graphing and
further analyses were completed using R 4.3.2, OriginPro 2024, and the OE Cloud platform
(https://cloud.oebiotech.com, accessed on 12 September 2025). Figures were generated
using Origin 2021. LEfSe analysis was conducted, and the corresponding plots were
visualized using the OE Cloud platform.

3. Results
3.1. Effects of Different Microbial Fertilizers on the Diversity of Sunflower Rhizosphere Soil
Fungal Communities

In environmental microbiology, Alpha diversity analysis is used to assess the species
richness and evenness within a community. Richness, which estimates the total number
of species, is represented by the Chao1 and ACE indices. Diversity, which reflects both
species evenness and the dominance of certain species, is comprehensively measured by
the Shannon and Simpson indices. Together, these metrics reveal the ecological complexity
and stability of the soil microbial community. The effects of different microbial fertilizer
treatments on the fungal community diversity in the rhizosphere soil of the salt–alkali-
tolerant sunflower variety NX53177 are shown in Figure 1. Under treatments T1–T9, the
species richness index (ace) increased by 1.45%, 5.85%, 2.04%, 1.78%, 6.46%, 2.47%, 2.12%,
7.21%, and 3.83%, respectively, compared to ACK. The Chao1 index increased by 0.90%,
2.34%, 1.47%, 1.15%, 4.91%, 2.14%, 1.96%, 5.31%, and 2.78%, respectively. The species
diversity index (Shannon) increased by 2.32%, 7.54%, 4.06%, 3.48%, 7.83%, 5.80%, 4.64%,
9.86%, and 6.09%, respectively. The Simpson index of community dominance decreased by
8.78%, 21.49%, 12.40%, 12.19%, 25.10%, 15.81%, 14.77%, 25.83%, and 21.49%, respectively.
Among all microbial fertilizer treatments, the T8 treatment increased the Shannon diversity
index by 9.86% and decreased the Simpson index by 25.83% compared to ACK, indicating
that the T8 treatment can effectively increase the species diversity level of the rhizosphere
soil fungal community.

https://cloud.oebiotech.com
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Figure 1. Effects of different concentrations of microbial fertilizer on the Alpha diversity of soil fungal
communities in the NX53177 variety. Different letters indicate statistically significant differences at
p < 0.05.

The effects of different microbial fertilizer treatments on the fungal community diver-
sity in the rhizosphere soil of the non-salt–alkali-tolerant sunflower variety NKY1502 are
shown in Figure 2. Under treatments T10-T18, the species richness index (ace) increased by
1.08%, 5.10%, 1.86%, 2.08%, 8.04%, 2.87%, 2.86%, 10.00%, and 5.35%, respectively, compared
to BCK. The Chao1 index increased by 3.18%, 8.91%, 5.47%, 4.91%, 9.49%, 5.79%, 5.93%,
10.34%, and 6.41%, respectively. The species diversity index (Shannon) increased by 4.53%,
7.93%, 6.52%, 4.53%, 9.35%, 7.37%, 4.82%, 9.92%, and 7.65%, respectively. The Simpson
index of community dominance decreased by 4.03%, 7.75%, 6.20%, 5.43%, 11.78%, 7.13%,
7.13%, 12.17%, and 9.23%, respectively. Among all microbial fertilizer treatments, the T17
treatment increased the species richness (ACE index) and community diversity (Shannon
index) of the sunflower rhizosphere soil fungal community by 10.00% and 9.92%, respec-
tively, while decreasing the community dominance (Simpson index) by 12.17% compared
to BCK. This indicates that the T17 treatment had the most significant effect on improving
the diversity of the rhizosphere soil fungal community. Microbial fertilizers can increase the
richness and species diversity of the soil fungal community while decreasing its dominance,
thus regulating the rhizosphere soil microbiome.
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Figure 2. Effects of different concentrations of microbial fertilizer on the Alpha diversity of soil fungal
communities in the NKY1502 variety. Different letters indicate statistically significant differences at
p < 0.05.

3.2. Effects of Different Microbial Fertilizers on the Abundance of Sunflower Rhizosphere Soil
Fungal Communities

In this experiment, a total of 537 species of fungi were identified, belonging to 16 phyla,
49 classes, 92 orders, 174 families, and 354 genera. At the phylum level, the fungal com-
munities in the rhizosphere soil of the salt–alkali-tolerant sunflower variety NX53177
(Figure 3a) with a relative abundance greater than 1% included Ascomycota (73.74–81.26%),
Mortierellomycota (14.60–24.21%), and Basidiomycota (0.57–2.17%). For the non-salt–alkali-
tolerant sunflower variety NKY1502 (Figure 3b), the fungal phyla with relative abundances
greater than 1% were Ascomycota (72.06–83.80%), Mortierellomycota (10.73–25.41%), and
Basidiomycota (0.53–2.17%).
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Figure 3. Relative abundance of rhizosphere soil fungi at the phylum level. (a) NX53177, (b) NKY1502.

At the phylum level, the relative abundance of fungal phyla in the rhizosphere of
the salt–alkali-tolerant sunflower variety NX53177 varied among different microbial fer-
tilizers and concentrations (Figure 3a). The relative abundance of Mortierellomycota was
concentrated in the T2 and T8 treatments, increasing by 28.0% and 39.4% compared to
ACK, respectively. The relative abundance of Ascomycota in the T8 treatment was 73.74%, a
decrease of 5.20% compared to ACK, while in the T6 (74.68%) and T7 (74.23%) treatments,
it decreased by 4.04% and 4.61% relative to ACK, respectively. The relative abundance
of Basidiomycota in all treatment groups was lower than in ACK, with reductions rang-
ing from 68.5% to 91.2%. The T8 treatment showed the largest decrease in Basidiomycota
abundance, down by 68.5% compared to ACK, whereas the T6 treatment showed the
smallest decrease, down by 51.6% compared to ACK. This indicates that different microbial
fertilizer treatments have significantly different inhibitory effects on Basidiomycota, with
their relative abundance decreasing across all treatments. In summary, different microbial
fertilizer treatments significantly affect the relative abundance of dominant fungal phyla in
sunflower rhizosphere soil, indicating that microbial fertilizers exert a specific regulatory
effect on the structure of the rhizosphere fungal community. In the non-salt–alkali-tolerant
sunflower variety NKY1502, the relative abundance of fungal phyla also showed variability
among different microbial fertilizer treatments and concentrations (Figure 3b). The relative
abundances of Ascomycota and Mortierellomycota both exceeded 1%. In the T12 and T13
treatments, the relative abundance of Ascomycota increased by 5.24% and 6.08% compared
to BCK, respectively, whereas the T14 and T18 treatments showed an inhibitory effect,
with relative abundances decreasing by 4.74% and 3.89% compared to BCK, respectively.
Mortierellomycota showed varied responses among treatments; its relative abundance in-
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creased by 23.7% and 10.6% in the T14 and T18 treatments, respectively, compared to BCK.
Conversely, the T11 and T10 treatments exhibited an inhibitory effect, with relative abun-
dances decreasing by 47.8% and 29.0%, respectively, compared to BCK. This demonstrates
that different concentrations of microbial fertilizers have a significant regulatory effect on
the relative abundance of major fungal phyla in the rhizosphere soil of sunflowers.

At the genus level, the fungal community in the rhizosphere soil of the salt–alkali-
tolerant sunflower variety NX53177 (Figure 4a) was analyzed by selecting the top 15
dominant fungal genera based on relative abundance. Among them, the relative abun-
dance of Mortierella was 15.90%. The relative abundance of Mortierella was significantly
increased in the T3 and T8 treatments by 20.2% and 46.2%, respectively, compared to ACK,
indicating that these fertilizer treatments promote this genus. The relative abundance of
Lophotrichus was 26.52%. Its abundance decreased in all treatment groups, with the T3
treatment showing the most significant inhibitory effect, a 67.6% reduction compared to
ACK. In contrast, the relative abundance of Chaetomium was 0.71%, and it showed the best
promotional effect in the T8 treatment, with its relative abundance increasing by 309.9%
compared to ACK. This indicates that different types and concentrations of microbial fer-
tilizers have a significant impact on the structure of the fungal genus community. For the
non-salt–alkali-tolerant sunflower variety NKY1502 (Figure 4b), an analysis of the top 15
dominant fungal genera revealed that among them, the relative abundance of Lophotrichus
was 18.70%, and its abundance decreased in all treatment groups, with the T12 treatment
showing a 73.6% reduction compared to BCK. The total relative abundance of unclassified
Chaetomiaceae was exceptionally high, totaling 35.03%. The relative abundance of Mortierella
was 0.34%. In the T14 treatment, its relative abundance significantly increased by 15.96%
compared to BCK, but decreased by 32.1% in the T10 treatment, showing a concentration-
dependent “promotion-inhibition” effect. These results suggest that microbial fertilizers
regulate the fungal community structure by altering the rhizosphere microenvironment,
and different concentrations can affect the abundance and distribution patterns of specific
functional fungal groups.

Figure 4. Relative abundance of rhizosphere soil fungi at the genus level. (a) NX53177, (b) NKY1502.

3.3. Effects of Different Microbial Fertilizer Treatments on Differential Species in the Rhizosphere
Soil of Oil Sunflower

Using LEfSe analysis on the fungal community during the flowering stage, signifi-
cantly enriched taxonomic units were identified at multiple levels for the NX53177 variety
(LDA > 2.0, p < 0.05). The results (Figure 5) show that a total of 143 differentially abundant
species were identified across treatments. Within the phylum Ascomycota, the number of
identified species in the ACK-T9 treatments for the genus Aspergillus ranged from 5 to 9;
for Penicillium, 2–4; for Cladosporium, 4–6; and for Alternaria, 1–7. The T8 treatment had
the highest number of biomarker species (23), an increase of 10 compared to ACK. At
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the phylum level, Ascomycota was significantly enriched in multiple sample groups with
324 species, indicating its dominant position in the soil fungal community. At the genus
level, common soil fungi such as Aspergillus, Cladosporium, Alternaria, and Penicillium were
significantly enriched with 14, 8, 9, and 7 species, respectively. In summary, the LEfSe
analysis revealed that different treatments had a significant impact on the number of species
within each genus. These differences help us to better understand the relationship between
different treatment conditions and the distribution of specific genera within Ascomycota.

 

Figure 5. LEfSe analysis of differential soil fungal taxa in the NX53177 variety treated with different
concentrations of microbial fertilizer.

For the NKY1502 variety, significantly enriched fungal taxa were identified at multiple
taxonomic levels (LDA > 4.0, p < 0.05). The results (Figure 6) show that the phylum Ascomy-
cota was significantly enriched across multiple sample groups with a total of 1384 species.
The top four significantly enriched genera were Aspergillus, Mortierella, Cladosporium, and
Cephalotrichum, with 68, 56, 55, and 33 species, respectively. A total of 152 differentially
abundant species were identified among the treatments. In the BCK-T18 treatments, the
number of species for Aspergillus ranged from 5 to 9; for Penicillium, 1–4; for Cladosporium,
4–7; and for Alternaria, 2–4. The T17 treatment group had the highest number of signifi-
cantly enriched microbial taxa, with 162 significantly different taxonomic units identified.
This suggests that under the environmental conditions represented by the T17 treatment,
various taxa within Ascomycota are more likely to thrive. In conclusion, this study’s LEfSe
analysis demonstrates that different treatment measures significantly altered the structure
and composition of the soil fungal community, with the T17 treatment fostering the greatest
diversity of specific microbial taxa.
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Figure 6. LEfSe analysis of differential soil fungal taxa in the NKY1502 variety treated with different
concentrations of microbial fertilizer.

3.4. Effects of Different Concentrations of Microbial Fertilizers on Soil Salinity

Soil salinity is a core indicator for characterizing the degree of soil salinization and
assessing soil quality and crop suitability. As the concentration of microbial fertilizer
increased, soil salt content showed a trend of first decreasing and then increasing. The
effect on the soil salinity of the salt–alkali-tolerant variety NX53177 is shown in Figure 7a.
The Qiaosengen treatments T1, T2, and T3 decreased soil salinity by 1.22%, 2.26%, and
1.91%, respectively, compared to ACK. The Polylactic acid treatments T4, T5, and T6
decreased it by 2.09%, 2.96%, and 2.26%, respectively. The Aikesa treatments T7, T8, and
T9 decreased it by 2.26%, 3.13%, and 2.96%, respectively. The medium concentration
treatments of all three fertilizers (T2, T5, T8) showed the optimal salt-reducing effect, with
the Aikesa fertilizer T8 treatment being the most effective, reducing salinity to 1.83 g/kg, a
3.13% decrease compared to ACK, which was superior to other treatments.

The effect on the soil salinity of the non-salt–alkali-tolerant variety NKY1502 is shown
in Figure 7b. The Qiaosengen treatments T10, T11, and T12 decreased soil salinity by
1.22%, 2.08%, and 1.74%, respectively, compared to BCK. The Polylactic acid treatments
T13, T14, and T15 decreased it by 1.91%, 2.78%, and 2.26%, respectively. The Aikesa
treatments T16, T17, and T18 decreased it by 2.26%, 2.95%, and 2.60%, respectively. The
medium concentration treatments of all three fertilizers (T11, T14, T17) showed the best
salt-reducing effect, with the Aikesa fertilizer T17 treatment being the most significant,
reducing salinity by 2.95% compared to BCK, followed by the Polylactic acid T14 and
Qiaosengen T11 treatments. In conclusion, the salt reduction in the salt–alkali-tolerant
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sunflower variety NX53177 was greater than that in the non-tolerant variety NKY1502,
indicating that the ameliorative effect of microbial fertilizers differs with crop salt tolerance.
A comprehensive comparison of the salt-reducing capabilities of the three fertilizers ranked
them as Aikesa > Polylactic acid > Qiaosengen, a trend that was consistent for both varieties.
For the amelioration of saline–alkali land, the use of a medium concentration of Aikesa
fertilizer can maximize the reduction in soil salinity, especially for the cultivation of salt–
alkali tolerant sunflower, providing a scientific basis for optimizing microbial remediation
technologies for saline–alkali land.

Figure 7. Effects of different concentrations of microbial fertilizers on sunflower soil salinity.
(a) NX53177, (b) NKY1502. Different letters indicate statistically significant differences at p < 0.05.

3.5. Effects of Different Concentrations of Microbial Fertilizers on Soil Nutrients

Soil nutrients are fundamental to sustaining ecosystem productivity and function,
as their availability directly governs plant growth, shapes community structure, and
drives biogeochemical cycling. This study evaluated the influence of different microbial
fertilizers on the nutrient profile of sunflower rhizosphere soil by analyzing key indicators,
including available nitrogen (AN), available phosphorus (AP), available potassium (AK),
organic matter (OM) content, and pH. For both sunflower varieties tested, the fertilizer
efficacy across three concentration levels consistently demonstrated the trend: medium
concentration > high concentration > low concentration.

As detailed in Figure 8a, the medium-concentration treatments (T2, T5, T8) signifi-
cantly enhanced the nutrient status in the rhizosphere soil of the salt–alkali-tolerant variety
NX53177 compared to the untreated control (ACK). Specifically, hydrolyzable nitrogen
content increased by 41.93%, 45.60%, and 49.96%; available potassium content increased by
43.25%, 52.46%, and 53.22%; available phosphorus content increased by 7.22%, 10.48%, and
12.34%; and organic matter content increased by 34.31%, 41.44%, and 42.13%, respectively.
Soil pH decreased by 7.29%, 6.92%, and 7.79%, respectively, compared to ACK. These
results demonstrate that the application of microbial fertilizers, particularly at medium
concentrations, effectively augments the availability of key nutrients and mitigates soil
alkalinity in the rhizosphere of salt–alkali-tolerant sunflowers. Among the treatments, the
medium concentration of Aikesa fertilizer (T8) proved to be the most effective, yielding the
highest nutrient enrichment and acidification effect, followed by T5 and T2.
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Figure 8. Effects of different concentrations of microbial fertilizers on sunflower soil nutrient content.
(a) NX53177, (b) NKY1502. Different letters indicate statistically significant differences at p < 0.05.

Consistent with the results for the salt-tolerant variety, the medium-concentration
treatments (T11, T14, T17) also significantly enhanced the nutrient profile of the rhizo-
sphere soil for the non-salt–alkali-tolerant variety NKY1502 compared to its control (BCK)
(Figure 8b). Hydrolyzable nitrogen content increased by 59.99%, 70.50%, and 75.78%; avail-
able potassium content increased by 47.47%, 50.85%, and 52.97%; available phosphorus
content increased by 15.32%, 16.40%, and 13.20%; and organic matter content increased by
46.80%, 55.92%, and 57.94%, respectively. Soil pH decreased by 9.04%, 6.85%, and 7.47%,
respectively, compared to BCK. Among these, the medium concentrations of Polylactic
acid (T14) and Aikesa (T17) fertilizers were the most effective at boosting hydrolysable
nitrogen and organic matter content. All fertilizer treatments effectively reduced the de-
gree of soil salinization, with pH reductions ranging from 6.85% to 9.04%. In summary,
medium-concentration microbial fertilizer treatments can effectively increase the content
of available nitrogen, available potassium, available phosphorus, and organic matter in
rhizosphere soil, while lowering soil pH, thus mitigating alkaline stress. These results
confirm the potential of microbial fertilizers for improving saline–alkali soil environments,
and their mechanism of action may be closely related to the targeted regulation of key
functional microbial groups in the rhizosphere, as observed in previous research.
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3.6. Correlation Between Soil Environmental Factors and Fungal Community Structure Under
Different Microbial Fertilizer Treatments

Analyzing the correlation between rhizosphere soil microbial communities and envi-
ronmental factors is essential for elucidating soil ecosystem functions and plant-microbe
interactions. Our results demonstrate that soil physicochemical properties significantly
shaped the fungal community composition, with distinct patterns observed between the
two sunflower varieties.

In the salt–alkali-tolerant variety NX53177 (Figure 9a), soil pH was a key differen-
tiating factor, showing a positive correlation with Ascomycota (r = 0.34) but a negative
correlation with Mucoromycota (r = −0.41), suggesting a selective pressure on fungal taxa
in alkaline conditions. Salinity (TDS) exerted a significant inhibitory effect on Mucoromy-
cota (r = −0.50 *) and Chytridiomycota (r = −0.49 *). In contrast, available phosphorus
(AP) promoted the growth of these phyla, with positive correlations observed for Mu-
coromycota (r = 0.56 *) and Chytridiomycota (r = 0.71 **). Furthermore, organic matter
(OM) and available nitrogen (AN) were strongly positively correlated with Chytridiomy-
cota abundance (r = 0.68 ** and r = 0.52 *, respectively), underscoring the pivotal role of
nutrient availability in structuring the microbial community under saline–alkaline stress.
The non-salt–alkali-tolerant variety NKY1502 exhibited different response patterns. Avail-
able potassium (AK) content showed a significant inhibitory effect on Blastocladiomycota
(r = −0.52 *) but a mild promotional effect on Glomeromycota (r = 0.16), indicating that
nutrient imbalances can selectively restrict specific microbial groups. A key commonality
between the varieties was the consistent positive response of Chytridiomycota to organic
matter and nitrogen; however, this effect was more pronounced in the salt–alkali-tolerant
NX53177. This suggests that the variety’s tolerance may be linked to a more efficient
microbe-mediated nutrient utilization pathway, which is enhanced under favorable soil
nutrient conditions. In conclusion, specific soil factors are critical determinants of fungal
community structure. The differential response of the two varieties highlights the role
of plant genotype in mediating these soil-community interactions. These findings have
significant theoretical and practical value for optimizing microbial fertilizer applications
and improving crop resilience in saline–alkaline soils.

Figure 9. Spearman correlation heatmap of environmental factors and fungal community compo-
sition for the NX53177 variety. (a) Phylum level. (b) Genus level. The X-axis and Y-axis represent
environmental factors and fungal groups, respectively. Correlation R and p values were calculated.
* Indicates 0.01 < p < 0.05, ** indicates 0.001 < p < 0.01.
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At the genus level, correlation analysis revealed distinct response patterns of the
fungal community to soil environmental factors between the salt–alkali-tolerant variety
NX53177 and the non-tolerant variety NKY1502. In the salt–alkali-tolerant variety NX53177
(Figure 9b), available nitrogen (AN) exhibited a strong positive correlation with the relative
abundance of unclassified Chaetomiaceae (r = 0.64) and Lophotrichus (r = 0.83), but a signifi-
cant negative correlation with Fusarium (r = −0.62). This indicates a selective regulatory
effect of nitrogen enrichment, potentially favoring certain saprotrophic taxa while sup-
pressing this common pathogen. Furthermore, both available potassium (AK) and organic
matter (OM) were positively correlated with Mortierella (r = 0.70 and r = 0.76, respectively),
suggesting a synergistic role of nutrients in promoting this beneficial genus. Conversely,
soil pH and salinity (TDS) were strongly negatively correlated with Lophotrichus (r = −0.86
and r = −0.63, respectively). The significant positive correlation between available phos-
phorus (AP) and Mortierella (r = 0.76) further suggests that phosphorus availability may be
a critical auxiliary factor supporting its proliferation in saline–alkaline conditions.

The non-salt–alkali-tolerant variety NKY1502 exhibited a distinct response pattern
to soil environmental factors (Figure 10a). Notably, available potassium (AK) content
demonstrated a significant negative correlation with the abundance of Blastocladiomycota
(r = −0.52 *), while showing a slight positive correlation with Glomeromycota (r = 0.16).
This indicates that AK imbalance may selectively restrict certain microbial taxa. A key
commonality across both varieties was the consistent positive response of Chytridiomycota
to increased organic matter and available nitrogen. However, this synergistic effect was
markedly more pronounced in the salt–alkali-tolerant variety NX53177. This differential
response suggests that the mechanism of salt–alkali tolerance may be linked to the host
plant’s ability to foster a rhizosphere microbiome that more efficiently utilizes organic
amendments and available nitrogen for growth and stress mitigation. In conclusion, specific
soil factors are key determinants of fungal community structure, and their regulatory effects
are modulated by plant genotype. These findings provide a mechanistic insight into plant-
microbe interactions under abiotic stress and hold significant practical value for guiding
targeted microbial fertilizer applications to enhance crop resilience and rehabilitate saline–
alkaline ecosystems.

In the non-salt–alkali-tolerant variety NKY1502 (Figure 10b), the fungal community
at the genus level exhibited distinct environmental correlations. A positive correlation
was observed between soil pH and an unclassified genus within Mucoraceae (r = 0.52 *),
reflecting its adaptation to a neutral-alkaline environment. Salinity (TDS) exerted divergent
influences, demonstrating a promotional effect on Pseudogymnoascus (r = 0.66 **) but an
inhibitory effect on Schizothecium (r = −0.45), highlighting a clear differentiation between
salt-tolerant and salt-sensitive fungal groups. Furthermore, nutrient availability played
a critical regulatory role; organic matter (OM) and available nitrogen (AN) exhibited
synergistic beneficial effects on Chrysosporium (r = 0.43 and r = 0.52 *, respectively). In
contrast, Pseudogymnoascus was significantly suppressed by increased organic matter
(r = −0.71 **), underscoring the differential nutrient preferences among fungal taxa.

Collectively, these results elucidate the specific environmental adaptation strategies
of fungal genera within the rhizosphere. More importantly, they provide a theoretical
foundation for enhancing crop stress resistance by strategically managing the rhizosphere
microbiome through the amendment of soil nutrient properties and the mitigation of
salinity stress.
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Figure 10. Spearman correlation heatmap of environmental factors and fungal community compo-
sition for the NKY1502 variety. (a) Phylum level. (b) Genus level. The X-axis and Y-axis represent
environmental factors and fungal groups, respectively. Correlation R and p values were calculated.
* Indicates 0.01 < p < 0.05.

4. Discussion
4.1. Effects of Microbial Fertilizer on the Abundance and Diversity of the Rhizosphere Soil
Fungal Community

Quantity, activity, and community composition of soil microorganisms serve as core
indicators of soil quality and key criteria for assessing soil fertility levels. At the phylum
level, the dominant fungal phyla in the rhizosphere soil of both sunflower varieties (the
salt–alkali-tolerant variety NX53177 and the non-salt–alkali-tolerant variety NKY1502) were
Ascomycota, Mortierellomycota, and Basidiomycota. This finding aligns with the results of Zhu
et al. [30], who reported that microbial fertilizers promote rhizosphere fungal diversity. Un-
der salt stress, Ascomycota, Mortierellomycota, and Basidiomycota exhibit significant salt–alkali
tolerance, establishing themselves as dominant microbial groups in the rhizosphere. Studies
indicate that microbial fertilizers can regulate the composition of the rhizosphere soil fungal
community by promoting or inhibiting specific fungal phyla (Ascomycota, Mortierellomycota).
Different microbial fertilizer treatments exerted varying degrees of regulatory effects on the
relative abundance of these dominant fungi. For the salt–alkali-tolerant variety NX53177,
the relative abundance of Ascomycota in the T8 treatment was significantly lower than in
the ACK control, whereas the relative abundance of Mortierellomycota was 39.4% higher.
Furthermore, all fertilizer treatments suppressed Basidiomycota, with reductions ranging
from 78.4% to 91.2%. For the non-salt–alkali-tolerant variety NKY1502, the T14 and T18
treatments promoted the growth of Ascomycota, while the T11 treatment inhibited it. At
the genus level, the abundance of Mortierella increased by 46.2% in the T8 treatment for
NX53177 and by 15.96% in the T14 treatment for NKY1502, which can be attributed to its
decomposition capacity and plant growth-promoting properties. The genus Lophotrichus
was inhibited across all fertilizer treatments, consistent with the findings of Chen [31],
Harsonowati [32], and others. Studies indicate that microbial fertilizers can regulate the
composition of the rhizosphere soil fungal community by promoting or inhibiting specific
fungal phyla (e.g., Ascomycota, Mortierellomycota). This regulatory effect is primarily influ-
enced by the type and concentration of the microbial fertilizer, as well as the salt–alkali
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tolerance of the crop variety [33,34]. This finding not only demonstrates the targeted regu-
latory role of microbial fertilizers on the fungal community in saline–alkali soils but also
provides a crucial theoretical basis for understanding the ecological mechanisms through
which they improve the fungal community structure in such environments.

Microbial community diversity is a key indicator for assessing the stability of the soil
micro-ecosystem. The application of microbial fertilizers can increase the abundance of
the fungal community in the plant rhizosphere soil, thereby creating a favorable micro-
ecological environment for healthy crop growth and laying the foundation for the biological
control of soil-borne diseases. The results of this study demonstrate that for the salt-tolerant
variety NX53177, the medium concentration of Aikesa fertilizer (T8 treatment) significantly
increased the Ace, Chao1, and Shannon indices, while decreasing the Simpson index. A
similar pattern was observed for the salt-sensitive variety NKY1502 under the medium
concentration Aikesa fertilizer treatment (T17). The study by Hu et al. [35] showed that the
application of Bacillus amyloliquefaciens ZM9 mixed with marigold powder increased the
number of OTUs, the Chao1 index, and the Shannon index of the soil microbial community,
outperforming the control, which is consistent with our findings. The medium concentra-
tion of Aikesa fertilizer significantly enhanced the species richness, diversity, and evenness
of the rhizosphere soil fungal community, providing suitable living conditions for a wider
range of fungal groups. Excessively high or low concentrations did not yield comparable
results. This is likely related to the regulation of environmental factors such as soil nutrients
and ion balance by the fertilizer concentration, consistent with the findings of Tao, Chen
et al. [36,37]. This research not only provides a scientific basis for the rational application of
Aikesa fertilizer but also suggests that the optimized fungal community structure lays the
foundation for the adaptive growth of sunflowers under saline–alkali stress.

4.2. Effects of Microbial Fertilizer on Soil Salinity and Nutrients

Soil microorganisms play a vital role in maintaining soil ecological functions. They
influence soil fertility formation and ecosystem function by participating in key pro-
cesses such as organic matter decomposition, humus formation, and nutrient transfor-
mation [38,39]. Microbial fertilizers, as efficient biological amendments, improve the soil
ecological environment by regulating microbial community structure, enhancing soil en-
zyme activity, and promoting nutrient cycling. In this experiment, the ameliorative effects
of Aikesa fertilizer (T8 and T17 treatments) were optimal. Under the T8 treatment, soil
pH decreased by 7.79%, salinity (TDS) decreased by 3.13%, organic matter (OM) content
increased by 42.13%, and the contents of available nitrogen (AN), phosphorus (AP), and
potassium (AK) increased by 49.96%, 12.34%, and 53.22%, respectively. Under the T17
treatment, soil pH decreased by 7.47%, salinity decreased by 2.95%, OM content increased
by 57.94%, and the contents of AN, AP, and AK increased by 75.78%, 13.20%, and 52.97%,
respectively. Studies by Li [40] and Liu [41] have shown that the combined application
of organic manure with microbial fertilizers and humic acid can significantly increase
soil nitrogen content. Research by Shang et al. [42] confirmed that the application of
microbial agents can increase the content of soil organic matter, total phosphorus, alkali-
hydrolysable nitrogen, available phosphorus, and available potassium in the 0–20 cm soil
layer of Dongkui bayberry orchards, though it is necessary to monitor and adjust soil pH
to prevent acidification from long-term application.

In terms of mechanism, microbial fertilizers convert poorly available soil nutrients into
available forms through the metabolic activities of functional microorganisms capable of ni-
trogen fixation, phosphorus solubilization, and potassium solubilization. This is manifested
specifically as an increase in the content of AN, AP, and AK in the soil. The accumulation of
microbial residues and their secretions can also contribute to increased soil organic matter.
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The improvement of these soil properties provides an important environmental basis for
the proliferation and structural development of the fungal community.

4.3. Correlation Between the Soil Fungal Community and Soil Environmental Factors

The community composition and distribution patterns of plant rhizosphere soil mi-
croorganisms are closely related to surrounding soil environmental factors, primarily
reflecting the differential adaptability of microorganisms to various environmental condi-
tions. Guo et al. [43], using RDA analysis, demonstrated that the structure of the soil fungal
community is mainly affected by available phosphorus and available nitrogen. The key
influencing factors can differ under varying cropping patterns; in mixed cropping systems,
soil organic matter, available nitrogen, and available phosphorus significantly affect the
formation of the fungal community structure. The abundance of Penicillium and Mortierella
is positively correlated with the content of available nitrogen and available phosphorus.

In this experiment, Spearman correlation analysis revealed the relationships between
soil physicochemical properties and fungal community composition. Soil pH, TDS, OM,
AN, AK, and AP were identified as environmental factors affecting changes in the fungal
community, with different fungal groups responding differently to these factors. Ascomycota
and Mortierellomycota were negatively correlated with soil pH and TDS, which may be
related to the relatively higher salt–alkali tolerance of Ascomycota. Beneficial fungi such
as Mortierella and Lophotrichus were positively correlated with OM, AN, and AK, and
negatively correlated with soil pH and TDS, indicating their preference for low-salinity,
high-nutrient soil microenvironments. The abundance of Basidiomycota and Lophotrichus
was inhibited; after the application of microbial fertilizer, intensified nutrient competition
and decreased soil pH likely limited their proliferation. This is consistent with the research
results of Leng et al. [44], Xu et al. [45], and Ning et al. [46].

It is evident that the regulatory effect of microbial fertilizers on the fungal community
is achieved by altering soil physicochemical properties, which in turn affects the abundance
of different soil fungi. The varying sensitivities of different fungal groups to environmental
factors determine their relative abundance within the community, which, to some extent,
explains the soil–fungal community effect mechanism of microbial fertilizers.

5. Conclusions
This study comprehensively analyzed the composition of the sunflower rhizosphere

soil fungal community using high-throughput sequencing, identifying a total of 537 fungal
species belonging to 16 phyla, 49 classes, 92 orders, 174 families, and 354 genera. At the
phylum level, Ascomycota, Mortierellomycota, and Basidiomycota were the main fungal groups.
Microbial fertilizer treatments significantly regulated the fungal community structure and
diversity, with effects varying by fertilizer concentration and sunflower variety. In the salt-
tolerant variety NX53177, the medium concentration of Aikesa (T8) increased the relative
abundance of Mortierellomycota by 39.4%, the Shannon index by 9.86%, and decreased
the Simpson index by 25.83%. In the salt-sensitive variety NKY1502, the T14 and T18
treatments significantly increased the abundance of Mortierellomycota by 23.7% and 10.6%,
respectively, and the T17 treatment increased the Shannon index by 9.92%.

The fertilizer effectively reduced soil salinity and improved nutrient levels, with the
medium-concentration treatments performing optimally. The T8 treatment reduced soil
salinity by 9.45%, increased hydrolyzable nitrogen, available potassium, and organic matter
by 49.96%, 53.22%, and 42.13%, respectively, and lowered pH by 7.79%. The T17 treatment
reduced salinity by 6.05%, increased hydrolyzable nitrogen and available potassium by
75.78% and 52.97%, respectively, and lowered pH by 7.47%.
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Spearman correlation analysis indicated that the rhizosphere fungal community of the
salt-tolerant variety was more significantly associated with environmental factors; available
phosphorus was strongly positively correlated with Chytridiomycota, and salinity (TDS) was
negatively correlated with Mucoromycota. At the genus level, nitrogen content significantly
promoted the growth of Lophotrichus, while pH significantly inhibited its abundance.

In summary, this study demonstrates that microbial fertilizers positively affect salt–
alkali tolerance by regulating the fungal community structure and improving soil physico-
chemical properties. Among the treatments, the Aikesa fertilizer (T8, T17) was the most
effective, providing a theoretical basis and practical guidance for the ecological restora-
tion of saline–alkali lands and sustainable agricultural development. Future research will
continue to investigate the dynamic changes in the fungal community at different plant
growth stages and the precise application of microbial fertilizers.
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