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Abstract: Modifying saline–alkali soil is crucial for ensuring food security and expanding arable
land. Microorganisms play a key role in driving various biochemical processes in agricultural
ecosystems. However, limited information exists on the changes in the microbial community and
soil structure in soda saline-alkali soil under modified conditions. In this study, we examined the
changes in soil physicochemical properties of saline–alkali soil altered by rice planting alone and
by combined application of phosphogypsum in the Songnen Plain. The results demonstrated that
phosphogypsum significantly improved the soil’s physicochemical properties; it notably reduced
salinity and alkalinity while enhancing nutrient structure. Additionally, the utilization efficiency of
carbon (C), nitrogen (N), and phosphorus (P) increased. Fungal community diversity also significantly
improved, influenced mainly by soil water content (SWC), total organic carbon (TOC), soil organic
matter (SOM), total nitrogen (TN) and sodium ion (Na+). TOC, SOM, TN, ESP, and Na+ served
as the primary drivers affecting the fungal community. Our findings indicate that combining rice
planting with phosphogypsum application effectively modifies saline–alkali soil, regulates fungal
community structure, and enhances long-term soil health. Furthermore, the beneficial effects of
phosphogypsum on saline–alkali soil persist for persists for several years, largely owing to its role in
promoting microbial community growth.

Keywords: phosphogypsum; rice; saline–alkali soil; Songnen Plain; soil microorganisms

1. Introduction

The world population is projected to increase by 65% (3.7 billion) by 2050. This popu-
lation growth, coupled with rising per capita income, will lead to increased food demand
and exert pressure to expand agricultural land [1]. However, climate and environmental
changes, along with a decrease in cultivated land area [2], underscore the urgent need
to improve the utilization of saline–alkali soil to supplement the shortage of cultivable
land. Globally, saline–alkali soil comprises approximately 9.54 × 108 ha, with China alone
possessing 9.91 × 107 ha [3–5].

In the Songnen Plain of Northeast China, extensive areas of saline–alkali soil have
formed due to the unique geographical and climatic conditions. The primary inhibit-
ing factors inhibiting growth in this region include Na2CO3 and NaHCO3 content [6].
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Modification methods for addressing this issue encompass physical, chemical, biologi-
cal, and engineering modifications. Extensive scientific research and practical experience
have demonstrated that the cultivation of rice and the application of chemical modifiers
represent one of the most effective approaches to modifying soda-alkali–saline soil and
increasing food production. The production of phosphogypsum, a byproduct of phosphate
production, yields calcium sulfate (CaSO4·2H2O) as its primary component. This material
is widely used as a soil conditioner. Previous studies have revealed that the application of
Ca2+ from gypsum at high rates can displace Na+ in soil colloids, resulting in the formation
of neutral sodium sulfate [7,8]. This process involves relocating Na+ below the root zone
through leaching and promoting the formation of a robust calcium colloid [7,8], which
enhances soil aggregate structure. Moreover, this application leads to significant reductions
in soil electrical conductivity (EC), alkalinity (ESP), pH, sodium adsorption (SAR), and
CH4 emissions [9–11].

In a study investigating the effects of phosphogypsum application on rice yield in
soda-saline–alkaline soil [12], the grain yield, spike number, and seed setting rate of various
rice varieties significantly increased with higher phosphogypsum application rates [12].
However, the alterations in soil structure and properties caused by phosphogypsum in
saline–alkali soil are likely to affect soil microorganisms. Nevertheless, studies on the
impact of phosphogypsum application on microbial communities in soda saline–alkali soil
remain limited.

Soil microorganisms represent vital components of soil ecosystems, serving as essential
indicators for evaluating soil quality and fertility [13]. Within agroecosystems, soil microor-
ganisms play pivotal roles in soil formation and development, water dynamics, nutrient
cycling, and crop growth, thereby contributing to sustainable soil productivity [14–16]. Soil
fungi are not only an important component of soil microbes, but also a key indicator of
ecosystem health. Most fungi rely on vegetation for their C supply and, in return, assist
their host plants by facilitating the extraction of water and minerals from the soil [17]. Pre-
vious studies have demonstrated that root systems significantly influence and regulate the
establishment and maintenance of soil–fungus–plant interactions [18]. Plant root exudates,
comprising C substrates and secondary metabolites, play vital roles in mediating specific
associations between plants and individual soil microbes [19]. The spatial and temporal
distribution of specific sugars, amino acids, and organic acids around roots facilitates the
formation and dynamics of fungal populations [20]. Root secretion compounds also recruit
different fungi by acting as signaling molecules, attractants, stimulants, and inhibitors or
repellents [20]. Fungi shape soil fungal communities by modifying the physical and chemi-
cal properties of the surrounding soil using root-derived substrates and root activities [21].
Fungi fulfill various functions in soil, including the decomposition of plant residues, the
promotion of plant growth [22], and the mitigation of nutrient deficiencies [23,24]. Multiple
studies have shown that agricultural practices can alter fungal communities [25]. Sparling’s
research indicates that soil microbial biomass rapidly declines after initial soil development
and use but stabilizes after a certain number of years of agricultural cultivation [26]. Sev-
eral years later, the microbial community reaches a relatively stable state [27]. Changes
in community structure alter fungal dominance, rearrange the competition among fungi,
and drive the ecological assembly process of fungal community networks [28]. The pattern
of symbiosis among fungi determines whether their interaction will change under the
influence of external environmental factors, which will affect the stability and productivity
of the ecosystem to a large extent [29–32]. However, the effects of chemical modification on
the saline–alkali soil fungal community in is unclear.

In contrast to extensive research into the mechanisms of saline–alkali soil disorder
in saline–alkali soil, investigations into soil microorganisms, especially the responses of
soil fungal communities to environmental changes, are still limited. This study focused on
elucidating the fungal mechanisms underlying saline–alkali soil improvement. The study
aims to (1) explore the physicochemical properties of phosphogypsum-modified saline-
alkali soil, (2) characterize soil fungal community diversity, and (3) establish relationships
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between specific fungal groups, soil salinity, and nutrient levels under phosphogypsum
influence.

2. Materials and Methods
2.1. Study Sites and Environmental Conditions

The study was conducted in the Da’an Sodic Land Ecological Experimental Station in
Jilin Province (45◦58′ N, 123◦88′ E, at an elevation of 128.5 m). The test area falls within a
temperate semihumid and semiarid monsoon region, characterized by a typical temperate
continental climate. The annual average temperature is 4.7 ◦C. Annual evaporation rates
range from 1250 to 1650 mm, while annual precipitation varies between 370 and 400 mm,
with 88% of the precipitation occurring between May and September. The area receives
approximately 3014 h of sunshine annually, and the annual average effective accumulated
temperature (>10 ◦C) is 2935 ◦C.

2.2. Soil Sampling and Physicochemical Properties Analysis

In November 2021, soil samples were collected from four treatment groups in the
planting area: unimproved phosphogypsum (CK), and phosphogypsum improved for four
(P4), five (P5), and six (P6) years. These samples were taken from the 0–15 cm soil layer. The
phosphogypsum used contained 4.80% Ca and 0.13% P. All treatment groups were managed
identically. Four plots were chosen for each treatment, separated by ridges. Each plot was
sampled using a five-point method. After thorough mixing, the sample was divided into
three portions. One part was air-dried for physical and chemical property testing, another
was stored at −4 ◦C for enzyme activity testing, and the last was immediately placed in
dry ice and transferred to −80 ◦C for microbial sequencing.

Soil electrical conductivity (EC) and pH values were measured using the supernatant
from a 1:5 (soil:water) solution (W/V) with a conductivity meter (DDS-307A, Shanghai Leici,
Shanghai, China) and a pH meter (PHS-3E, Shanghai Leici, Shanghai, China). Soil water
content (SWC) was determined using the drying method. Total organic carbon (TOC) was
assessed by a TOC analyzer (TOC-LCPH, Shimadu, Kyoto, Japan) using a 1:4 (soil:water)
solution (W/V). Soil organic matter (SOM) content was calculated using the empirical
formula (SOM = TOC × 1.724). Nitrate (NO3-N) and ammonium (NH4-N) were extracted
with 2 M potassium chloride, and available phosphorus (AP) was extracted with 0.5 M
sodium bicarbonate; these were measured using a continuous flow analyzer (SKALAR,
Breda, The Netherlands). Total phosphorus (TP) was also assessed using the continuous
flow analyzer after soil sample digestion. Total potassium (TK) was extracted by the
acid dissolution method, and available potassium (AK) was extracted by 1 M ammonium
acetate; these were measured by an inductively coupled plasma emission spectrometer
(Shimadu, Kyoto, Japan). Total nitrogen (TN) and total carbon (TC) were determined using
an elemental analyzer (Elemental Vario MACRO, Frankfurt, Germany). The exchangeable
sodium ion (ENA) in the soil was measured using the ammonium acetate–ammonium
hydroxide exchange method, while soil cation exchange capacity (CEC) was determined by
the ammonium chloride–acetic acid exchange method. Soil alkalinity (ESP) was calculated
using the formula [ESP = (ENA/CEC) × 100%].

2.3. Microbial Diversity Analysis

Per the manufacturer’s instructions, total genomic DNA samples were extracted using
the OMEGA Soil DNA Kit (M5635-02) (OMEGA Bio-Tek, Norcross, GA, USA) and stored
at −20 ◦C prior to further analysis. The quantity and quality of the extracted DNAs were
assessed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and agarose gel electrophoresis, respectively.

The ITS gene was amplified using specific primers ITS5 and ITS2 (F: GGAAGTAAAAG-
TCGTAACAAGG; R: GCTGCGTTCTTCATCGATGC). Sample-specific 7-bp barcodes were
incorporated into the primers for multiplex sequencing. The PCR mix contained 5 µL
of 5× buffer, 0.25 µL of Fast pfu DNA polymerase (5 U/µL), 2 µL (2.5 mM) of dNTPs,
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1 µL (10 uM) of each forward and reverse primer, 1 µL of DNA Template, and 14.75 µL of
ddH2O. Thermal cycling started with an initial denaturation at 98 ◦C for 5 min, followed by
25 cycles of denaturation at 98 ◦C for 30 s, annealing at 53 ◦C for 30 s, and extension at 72 ◦C
for 45 s, concluding with a final extension of 5 min at 72 ◦C. PCR amplicons were purified
using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified
with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After
individual quantification, amplicons were pooled in equal amounts and pair-end 2 × 250 bp
sequenced on an Illumina MiSeq platform using the MiSeq Reagent Kit v3 (Illumina, Sa
Diego, CA, USA) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

Microbiome bioinformatics was conducted using QIIME2 2019.4 [33], with minor
adjustments according to the official tutorials (https://docs.qiime2.org/2019.4/tutorials/,
accessed on 28 September 2022). In brief, raw sequence data were demultiplexed using
the demux plugin and then primers were removed using the cutadapt plugin [34]. Se-
quences were subsequently quality-filtered, denoized, merged, and subjected to chimera
removal using the DADA2 plugin [35,36]. Microbial internal transcribed spacer amplicon
sequences were clustered using the “dada2” algorithm to obtain nonmonad amplicon
sequence variation (ASV). ASVs were aligned with mafft [37] and used to construct a phy-
logeny with fasttree2 [38]. Taxonomy was assigned to ASVs via the classify-sklearn naïve
Bayes taxonomy classifier in the feature-classifier plugin [38] against the UNITE Release
8.0 Database [39]. Alpha diversity metrics (Observed species, Shannon, Simpson, Chao
1 richness) and beta diversity metrics (Bray–Curtis dissimilarity) were estimated using the
diversity plugin, with samples rarefied to a consistent number of sequences per sample.

2.4. Statistical Analysis

Alpha diversity metrics were employed to analyze species diversity, encompassing
observed species, Chao1 richness, Shannon’s index, and Simpson’s index. These indices
were calculated using QIIME2 (Version 2019.4) and visualized with R software (Version
2.15.3) (http://www.r-project.org, accessed on 28 September 2022). For assessing fungal
community structure, beta diversity was analyzed using the nonmetric multidimensional
scaling (NMDS) method based on Bray–Curtis distance metrics, executed through the
vegan package in R software. Analysis of similarities (ANOSIM) was conducted using the
anosim function in the vegan package, and significant differences between groups were
assessed based on Bray–Curtis distance values.

Fisher’s LSD method was utilized to test differences between treatments, and Pearson
correlation was applied to ascertain statistically significant correlations between classifi-
cation groups and environmental variables. Redundancy analysis (RDA) was conducted
to correlate environmental variables with microbial community structure. All data are
presented as the average value and standard error from four repeated measurements, and
significance was assessed at the 5% level. Fisher’s LSD and correlation analyses were
executed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA), while RDA was performed using
CANOCO 4.5 software (Informer Technologies, Los Angeles, CA, USA). Linear discrim-
inant analysis effect size (LEfSe) analysis was conducted using the “ggtree” function in
the “vegan” package version 2.6–4 of R software (R Foundation for Statistical Computing,
Vienna, Austria).

3. Results
3.1. Physicochemical Properties

Soil pH, EC, ENa, and ESP were significantly influenced by phosphogypsum modifi-
cation (p < 0.05) (Table 1), all exhibiting a decreasing trend. Compared with treatment A,
treatment B displayed notably lower pH and ESP levels, with average reductions of 16.31%
and 78.89%, respectively.

https://docs.qiime2.org/2019.4/tutorials/
http://www.r-project.org
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Table 1. Soil physicochemical characteristics at the different experimental sites of different treatments.

CK P4 P5 P6

SWC (%) 15.05 ± 0.53 a 21.78 ± 1.03 b 19.77 ± 1.41 b 19.48 ± 1.38 b
EC (µS·cm−1) 1319.50 ± 377.81 a 643.50 ± 75.53 b 538.75 ± 124.52 b 348.25 ± 17.88 b

pH 10.03 ± 0.19 a 8.39 ± 0.15 b 9.21 ± 0.30 c 9.28 ± 0.18 c
TC (%) 1.15 ± 0.14 a 1.23 ± 0.05 a 1.34 ± 0.05 a 1.27 ± 0.05 a

TOC (%) 0.28 ± 0.02 a 0.53 ± 0.04 b 0.53 ± 0.08 b 0.57 ± 0.07 b
SOM (%) 0.49 ± 0.04 a 0.92 ± 0.07 b 0.92 ± 0.14 b 0.99 ± 0.11 b

TN (mg·kg−1) 321.24 ± 34.02 a 561.82 ± 39.11 b 559.34 ± 86.66 b 556.15 ± 54.04 b
TP (mg·kg−1) 356.10 ± 36.71 a 522.14 ± 28.29 b 443.56 ± 21.79 bc 410.79 ± 18.23 ac
TK (mg·kg−1) 22,370.98 ± 381.40 a 22,227.74 ± 160.32 ab 20,854.42 ± 794.73 ab 20,633.82 ± 572.73 b
AP (mg·kg−1) 9.57 ± 1.93 a 45.90 ± 7.94 b 23.58 ± 3.20 c 18.24 ± 2.21 ac
AK (mg·kg−1) 118.28 ± 7.94 a 120.17 ± 11.64 a 124.70 ± 6.35 a 100.77 ± 8.57 a

NH4-N (mg·kg−1) 2.54 ± 0.43 a 4.06 ± 0.53 b 3.53 ± 0.52 ab 3.60 ± 0.29 ab
NO3-N (mg·kg−1) 57.71 ± 43.14 a 3.94 ± 2.27 a 1.86 ± 0.23 a 10.41 ± 1.63 a
ENa (cmol·kg−1) 6.36 ± 1.09 a 1.54 ± 0.59 b 2.46 ± 0.74 b 1.52 ± 0.42 b
CEC (cmol·kg−1) 16.58 ± 3.05 a 17.86 ± 0.65 a 18.87 ± 0.46 a 15.70 ± 0.98 a

ESP (%) 39.75 ± 3.75 a 8.39 ± 3.10 b 13.33 ± 4.06 b 9.58 ± 2.42 b

SWC, soil water content; EC, electric conductivity; TC, total carbon; TOC, total organic carbon; SOM, soil organic
matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available
potassium; NH4-N, nitrate; NO3-N, ammonium; ENA, exchangeable sodium ion; CEC, cation exchange capacity;
ESP, soil alkalinity. CK, P4, P5, and P6 indicate unmodified saline–alkali paddy fields and modification by
phosphogypsum for 4, 5, and 6 years, respectively. Different letters indicate significant differences between
different treatments (ANOVA, LSD test, p < 0.05).

The highest EC and ENa levels were observed in CK, while the lowest were in P4,
showing decreases of 73.61% and 76.15%, respectively. TOC, SOM, and TK content notice-
ably increased, reaching peak values in treatment D. Conversely, SWC, TN, TP, and NH4-N
content were highest in treatment P4 and lowest in treatment CK (Table 1). The highest
AP was recorded in treatment P4, which was approximately five times greater than that in
treatment CK (Table 1).

Table 2 details the impact of phosphogypsum modification on soil ion content. Com-
pared with CK, P4 significantly reduced the levels of HCO3

−, Cl−, Mg2+, K+, and Ca2+ by
average percentages of 94.14%, 86.68%, 90.49%, 79.65%, and 85.72%, respectively (p < 0.05).
Similar trends were observed for SO4

2− and Na+ contents, which showed average decreases
of 25.58% and 75.29% in P6, respectively (p < 0.05).

Table 2. Soil ion content at the different experimental sites of different treatments.

CK P4 P5 P6

CO3
2− (mg·kg−1) 372.60 ± 154.89 - - -

HCO3
− (mg·kg−1) 9274.81 ± 1195.90 a 543.51 ± 188.02 b 1963.59 ± 625.71 b 2685.53 ± 1728.99 b

Cl− (mg·kg−1) 812.95 ± 293.27 a 108.28 ± 7.46 b 118.93 ± 9.67 b 146.44 ± 15.90 b
SO4

2− (mg·kg−1) 445.65 ± 284.79 ac 1662.78 ± 165.00 b 914.52 ± 164.85 a 331.67 ± 54.04 c
Na+ (mg·kg−1) 2268.71 ± 125.65 a 664.20 ± 181.23 b 748.15 ± 178.08 b 560.57 ± 94.56 b

Mg2+ (mg·kg−1) 373.62 ± 118.29 a 35.52 ± 13.65 b 75.64 ± 24.72 b 169.37 ± 141.28 ab
K+ (mg·kg−1) 46.74 ± 12.45 a 9.51 ± 1.18 b 14.10 ± 3.48 b 22.45 ± 13.92 ab

Ca2+ (mg·kg−1) 2117.52 ± 293.94 a 302.37 ± 156.33 b 452.01 ± 132.43 b 593.93 ± 445.62 b

CK, P4, P5, and P6 indicate unmodified saline–alkali paddy fields and modification by phosphogypsum for 4, 5,
and 6 years, respectively. Different letters indicate significant differences between different treatments for ion
content (ANOVA, LSD test, p < 0.05).

3.2. Fungal Community Composition and Diversity

As depicted in Figure 1a, the ASVs identified in treatments CK, P4, P5, and P6 were 1,
589, 2095, 2002, and 1890, respectively. The Venn diagram revealed that a total of 5981 ASVs
were present in at least one of the four sites, constituting the core fungal ASVs. Site-specific
independent ASVs were 1201 in CK, 1081 in P4, 1233 in P5, and 1155 in P6.
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Figure 1. (a) Venn diagram representing the number of shared and unique amplicon sequence
variations (ASVs) in the fungal communities of the different experimental sites. Each ellipse represents
a treatment, the overlapping area between ellipses represents shared ASVs between groups, and
the number of each block represents the number of ASVs contained within the block. Microbial
internal transcribed spacer amplicon sequences were clustered using the “dada2” algorithm to obtain
nonmonad ASVs. (b) Linear discriminant analysis (LDA) score. Enriched taxa with an LDA score
>4 are shown in the histogram. The ordinate is the classification unit with significant differences
between groups, and the horizontal coordinate is a bar chart to visually display the LDA analysis
logarithm scores of each classification unit. The taxa are sorted by score value size to describe their
specificity within the sample grouping. Longer lengths indicate more significant differences in the
taxon, and the color of the bar plot indicates the sample group corresponding to the taxon with the
highest abundance. (c) Relative abundances of fungi from the experimental sites at the phylum level.
(d) Relative abundances of fungi from the experimental sites at the subphyla level. CK, P4, P5, and
P6 indicate unmodified saline–alkali paddy fields and modification by phosphogypsum for 4, 5, and
6 years, respectively.

The fungal communities were primarily composed of the phylum Ascomycota (39.13%),
followed by Basidiomycota (10.69%) and Mortierellomycota (4.94%), collectively represent-
ing over 50% of all sequences (Figure 1c). Ascomycota was less abundant in treatment P6
than in CK (p < 0.05), while Basidiomycota had a higher relative abundance in P5 compared
with CK (p < 0.05). Notably, Mortierellomycota and Rozellomycota showed the highest
relative abundance in treatment P6 (p < 0.05).

Regarding the most abundant phylum, Ascomycota, we analyzed the relative abun-
dance distributions at the subphyla level (Figure 1d). Dothideomycetes accounted for
approximately 45.75% of the subphyla, followed by other dominant groups like Sordari-
omycetes (29.11%), Eurotiomycetes (12.29%), Leotiomycetes (9.29%), and Pezizomycetes
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(2.27%). The relative abundance of Dothideomycetes increased first and then decreased
under phosphogypsum treatment. The relative abundance of Sordariomycetes decreased
gradually following phosphogypsum treatment (p < 0.05), whereas that of Leotiomycetes
and Saccharomycetes increased gradually and reached a maximum at P6 (p < 0.05).

To identify key soil microbiota phylotypes associated with different years of modifi-
cation, the treatments of CK, P4, P5, and P6 underwent LEfSe analyses (Figure 1b). The
LDA results revealed 11 discriminative features (LDA > 4, p < 0.05) in CK, with Sordar-
iomycetes, Hypocreales, and Glomerellales as the primary microbiota. P4 also showed
dominant fungal microorganisms (LDA > 4, p < 0.05), with the major microbiota being
Allophaeosphaeria. In P5, eight dominant microflora (LDA > 4, p < 0.05) were identified,
mainly consisting of Basidiomycota, Tremellamycetes, and Agaricomycetes. P6 had five
dominant microorganisms (LDA > 4, p < 0.05), chiefly Mortierellomycetes, Mortierellomy-
cota, and Mortierellales. The primary microbiota was further classified and identified via
evolutionary cluster analysis.

For estimating and comparing soil alpha diversity and richness, we utilized the
Simpson, observed species, Chao1, and Shannon indices (Figure 2). The lowest values
for observed species, Shannon’s diversity, and Chao1 were found in CK but showed a
consistent upward trend with increasing years of modification. The highest values for
observed species and Chao1 occurred in P4, while the peak for Shannon’s diversity was in
P5 (Figure 2).
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An NMDS analysis based on Bray–Curtis distance was used to assess the beta diversity
of the fungal community across different treatments (Figure 3a). Anosim analysis confirmed
significant differences in the fungal community composition among the treatments. A
noticeable difference in fungal community structure between CK and other treatments
was observed (p < 0.05, Supplementary Materials Table S1), strongly suggesting that
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phosphogypsum modification significantly altered the community structure and diversity
of soil fungi.
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Figure 3. (a) Nonmetric multidimensional scaling plots of fungal community structure based on Bray–
Curtis distance. Each ellipse represents a treatment. (b) Redundancy analysis of soil physicochemical
properties and the microbial community structure of fungi. The figure presents the scores of samples
and significantly varied environmental factors (soil physicochemical characteristics and soil ion
content) on the first two axes. (c) Pearson correlation analysis between the relative abundance of
fungi at the phylum level and environmental factors (soil physicochemical characteristics and soil
ion content). Correlation coefficients are colored from dark red (positive correlation) to dark blue
(negative correlation). Color intensity is proportional to the correlation coefficients. SWC, soil water
content; EC, electric conductivity; TC, total carbon; TOC, total organic carbon; SOM, soil organic
matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK,
available potassium; NH4-N, nitrate; NO3-N, ammonium; ENa, exchangeable sodium ion; CEC,
cation exchange capacity; ESP, soil alkalinity. CK, P4, P5, and P6 indicate unmodified saline–alkali
paddy fields and modification by phosphogypsum for 4, 5, and 6 years, respectively. * Indicates
significant difference at the 0.05 level; ** indicates significant difference at the 0.01 level.

3.3. Influences of Environmental Parameters on Fungal Diversity and Community Structure

Pearson correlation coefficients indicated that fungal community richness indices
(Chao1 and observed species) were significantly positively correlated with SWC, TOC,
SOM, TN, AP, and NH4-N. They were negatively correlated with pH, HCO3

−, Cl−, Na+,
ENa, and ESP (Table 3). Regarding the diversity index, the Shannon index exhibited a
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strong positive correlation with SWC, TOC, SOM, and TN, whereas the Simpson index was
significantly negatively correlated with Na+. Taken together, SWC, TOC, SOM, TN, and
Na+ played a pivotal role in affecting fungal alpha diversity.

Table 3. Pearson correlation analysis of fungal alpha diversity and environmental factors (soil
physicochemical characteristics and soil ions content) at the experimental sites of different treatments.

Chao1 Observed_Species Shannon Simpson

SWC (%) 0.816 ** 0.812 ** 0.593 * 0.320
EC (µS·cm−1) −0.455 −0.454 −0.460 −0.130

pH −0.642 ** −0.637 ** −0.238 0.041
TC (%) 0.267 0.269 0.386 0.270

TOC (%) 0.592 * 0.588 * 0.523 * 0.057
SOM (%) 0.592 * 0.588 * 0.523 * 0.057

TN (mg·kg−1) 0.660 ** 0.654 ** 0.517 * 0.104
TP (mg·kg−1) 0.676 ** 0.668 ** 0.243 0.068
TK (mg·kg−1) −0.361 −0.361 −0.598 * −0.310
AP (mg·kg−1) 0.612 * 0.607 * 0.184 0.612 *
AK (mg·kg−1) 0.001 0.004 0.064 0.270

NH4-N (mg·kg−1) 0.554 * 0.542 * 0.221 −0.047 *
NO3-N (mg·kg−1) −0.470 −0.466 −0.272 0.058
ENa (cmol·kg−1) −0.503 * −0.499 * −0.430 −0.007
CEC (cmol·kg−1) 0.276 0.276 0.156 0.193

ESP (%) −0.579 * −0.575 * −0.467 −0.055
CO3

2− (mg·kg−1) −0.221 −0.219 −0.305 −0.092
HCO3

− (mg·kg−1) −0.541 * −0.538 * −0.461 −0.132
Cl− (mg·kg−1) −0.508 * −0.506 * −0.372 −0.074

SO4
2− (mg·kg−1) 0.413 0.409 −0.012 −0.065

Na+ (mg·kg−1) −0.573 * −0.570 * −0.502 * −0.069
Mg2+ (mg·kg−1) −0.408 −0.404 −0.387 −0.211

K+ (mg·kg−1) −0.416 −0.412 −0.370 −0.153
Ca2+ (mg·kg−1) −0.477 −0.475 −0.475 −0.159

SWC, soil water content; EC, electric conductivity; TC, total carbon; TOC, total organic carbon; SOM, soil organic
matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available
potassium; NH4-N, nitrate; NO3-N, ammonium; ENA, exchangeable sodium ion; CEC, cation exchange capacity;
ESP, soil alkalinity. * Indicates significant differences at the 0.05 level; ** indicates significant differences at the
0.01 level.

Pearson correlation analysis between the relative abundance of fungi at the phylum
level and environmental factors was also conducted (Figure 3b). Ascomycota was strongly
negatively correlated with TOC, SOM, and TN but positively correlated with EC, TK,
CO3

2−, Na+, ENa, and ESP. In contrast, Basidiomycota showed a positive correlation with
TOC, SOM, and TN and a negative correlation with HCO3

−, Na+, ENa, and ESP. Rhodobac-
teria, also significantly influenced by the addition of phosphogypsum, followed a similar
trend to Basidiomycota: it was positively correlated with TOC and TN and negatively
correlated with HCO3

−, Na+, and ENa. Further Pearson correlation analysis focusing on
the subphyla of Ascomycota revealed that the relative abundance of Ascomycetes was
strongly negatively correlated with SWC, TOC, SOM, TN, TP, and NH4-N and positively
correlated with EC, pH, CO3

2−, Cl−, HCO3
−, Na+, Mg2+, Ca2+, K+, ENa, and ESP (Sup-

plementary Materials Figure S1). Overall, the concentrations of TOC, SOM, and Na+ were
closely related to the composition of the fungal community.

RDA was used to evaluate the fungal community structure and significant changes in
environmental factors (Figure 3c). The eigenvalues of the first and second axes were 28.09%
and 20.82%, respectively. The cumulative percentage variance of species data showed
that the first two RDA axes accounted for 48.91% of the structural variation. RDA results
indicated that TOC, SOM, TN, ESP, and Na+ (p < 0.05) are significant factors influencing
the fungal community structure across all samples (Supplementary Materials Table S2).
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4. Discussion

In the present study, the soil’s saline–alkali barrier was significantly reduced following
phosphogypsum modification. This can likely be attributed to the dissolved Ca2+ in
phosphogypsum migrating through the soil profile under the influence of permeated water.
A subsequent replacement reaction with NaHCO3 and Na2CO3 in the saline–alkali soil
displaced the exchangeable Na on the soil colloid, thereby enhancing the soil’s cohesiveness
and permeability while reducing salt alkalization. Previous studies have confirmed that
during rice cultivation, organic acids exuded from rice roots not only neutralize soil pH
but also absorb salts. Our results are consistent with these findings. The soluble salt
ions (HCO3

−, CO3
2−, Cl−, Ca2+, and Mg2+) in the soil decreased significantly, and soil

fertility and nutrient structure improved markedly. The availability of nitrogen (NH4-N)
and phosphorus (AP) in the soil also significantly increased. Earlier investigations have
indicated that saline–alkali soil generally contains low levels of organic matter and has poor
C sequestration capacity [40]. In phosphogypsum-modified soil, the introduction of organic
residues into the soil through aboveground residues and root fragments was notable, further
promoting the accumulation of organic matter and the rate of C mineralization.

Soil fungi play a crucial role in the decomposition of organic matter, nutrient cycling,
soil fertility maintenance, and crop growth and development [41,42]. Reports suggest that
fungal communities are more sensitive to environmental changes and better indicators
of these changes than vegetation communities [43]. In the present study, the diversity
and richness of fungal communities increased due to improvements in soil properties as a
result of phosphogypsum modification. These changes alleviated several environmental
pressures, such as high pH, high ionic strength, nutrient scarcity, and water loss due to
poor soil permeability. Existing evidence confirms that pH is a significant factor affecting
soil fungal communities in various habitats [44–46]. A high pH environment can adversely
affect microbial metabolism and growth processes, lowering total soil nutrients [47–49].
Studies have shown that improved water resource utilization can reduce community stress
levels, thus increasing the ratio of fungi to bacteria. Water stimulation of root productivity is
also beneficial for fungi [50]. Research indicates that soil nutrients may influence changes in
fungal diversity [51], as soil fungi are primarily heterotrophic and rely heavily on exogenous
C for growth [19]. Soil C serves as a fundamental energy source and constituent element
for fungi, influencing their distribution [52]. Phosphogypsum modification undoubtedly
created a more suitable environment for fungi, promoting internal diversity and enhancing
resilience to external conditions.

Interesting shifts were also observed in the structure of soil fungal communities. Un-
der different treatments, Ascomycota was the predominant soil fungal phylum in the
experimental area, showing strong adaptability and broad distribution, consistent with
prior research into soil fungal structure in paddy fields [53,54]. However, as the years
of modification increased, the dominance of Ascomycota gradually declined, while the
relative abundance of Basidiomycota, Mortierellomycota, and Rozellomycota increased
significantly. Studies suggest that soil nutrients are factors driving changes in fungal com-
munity structure [51,55]. Increased exogenous C intensifies competition within the fungal
community and shifts in the C/N ratio also affect the allocation of fungal and bacterial
resources. The dominance of Basidiomycetes in soil, which may be related to their ability to
degrade complex lignocellulosic components [56], secretes various extracellular plant cell-
wall-degrading enzymes that break down cellulose, hemicellulose, and lignin (the major
components of plant biomass) [57]. The improvement due to phosphogypsum increased
above- and belowground vegetation residues and the strong decomposition capacity of
Basidiomycetes promoted the import of organic matter. Mortierellomycota participates in
the mineralization of soil organic matter, allowing the decomposition of crop residues into
organic matter in soil and organic fertilizers [58]. Therefore, increased Mortierellomycota
richness significantly contributes to soil nutrient conversion and availability [59]. Rozel-
lomycota tends to thrive in high-quality environments, further supporting effective soil
improvement [60].
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5. Conclusions

In summary, the combined use of rice cultivation and phosphogypsum application
significantly improves soil quality and alters fungal community structure in saline-alkali
soil. These findings align with the objectives of our study, where we aimed to explore the
effects of phosphogypsum application on saline-alkali soil and its microbial communities.
Our results highlight the crucial role of environmental factors, particularly TOC, SOM, and
ESP, in shaping soil fungal communities. The observed shifts in soil fungal communities
have significant implications for ecosystem function, as they can impact soil processes and
nutrient cycling. These findings are of practical importance for restoring fragile habitats
in large-scale soda saline-alkali soils in the Songnen Plain, supporting sustainable soil
resource utilization, and enhancing grain production capacity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13112726/s1, Table S1: anosim test performed on the
experimental sites using fungi community structure, Table S2: redundancy analysis and permutation
test performed on the experimental sites using fungi community structure, Figure S1: Pearson
correlation analysis between the relative abundance of fungi at the Ascomycetes subphylum level
and environmental factors (soil physicochemical characteristics and soil ion content).
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