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Abstract: Maize/peanut intercropping may improve soil health through reducing nitrogen (N)
fertilization. However, the effects of maize/peanut intercropping combined with reduced N fer-
tilization on the soil fungal community structure have not been well reported. Using a long-term
localized micro-zone experiment, we investigated the combined effects of intercropping and N fer-
tilizer application on soil fungal community diversity and composition. Three cropping patterns
(maize/peanut intercropping, maize monoculture, and peanut monoculture) and three N application
levels (0 kg·hm−2, 150 kg·hm−2, and 300 kg·hm−2) were assessed. The results showed that the
total numbers of fungal species and unique species (operational taxonomic units, OTUs) in both
maize and peanut soils tended to first increase and then decrease with increasing N application.
Compared with monoculture, the numbers of total OTUs and unique OTUs in intercropped maize
soil decreased by 4.14% and 12.79%, respectively, but the total numbers of OTUs and unique OTUs in
peanut soil increased by 1.08% and 3.78%, respectively. With increasing N application, the soil fungal
Ace and Chao indices of maize soil first increased and then decreased, while the fungal Shannon, Ace,
and Chao indices of peanut soil decreased. Compared with the monoculture system, intercropping
significantly reduced the maize soil fungal Ace and Chao indices but increased the peanut soil fungal
Shannon, Ace, and Chao indices. Nitrogen application and intercropping significantly altered the
fungal community structure of maize soil, while N application had no significant effect on the fungal
community structure of peanut soil, though intercropping significantly changed the fungal commu-
nity structure of peanut soil. At the phylum level, Ascomycota, Basidiomycota, Mortierellomycota,
unclassified_k_Fungi, and Chytridiomycota were the dominant taxa. Redundancy analysis (RDA)
showed that soil nitrate (NO3

−) content was the main environmental factor shaping the soil fungal
community. In conclusion, excessive N fertilization (300 kg·hm−2) can reduce soil fungal community
diversity; maize/peanut intercropping reversed the negative effect of N application on fungal com-
munity of peanut soil, but not that of maize soil. Soil NO3

− content is the primary environmental
driver of soil fungal communities.

Keywords: maize/peanut intercropping; nitrogen fertilizer application; soil fungal community
structure; Illumina MiSeq sequencing

1. Introduction

Intercropping is a quintessential cultivation pattern in traditional Chinese agricul-
ture, known to increase aboveground biodiversity, strengthen complementary advantages
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between crops, improve resource utilization efficiency, and enhance farmland productiv-
ity [1,2]. Nitrogen (N) fertilizer application is a common measure to maintain crop yield,
but long-term excessive use can lead to soil acidification, decreased soil microbial diversity,
and altered soil microbial community structure [3,4]. Therefore, reducing chemical N
fertilizer input has become an important national policy in China. Legume/cereal inter-
cropping, such as maize/peanut intercropping, can reduce fertilizer input by promoting
biological N fixation in legumes, while increasing aboveground biodiversity may affect
soil N cycling by regulating the composition of soil microorganisms [5–7]. Studying the
effects of legume/cereal intercropping with different N fertilizer levels on soil microbial
composition and structure can reveal the mechanisms by which this practice promotes N
use efficiency and is of great significance for the ecological evaluation and promotion of
intercropping systems.

Legume/cereal intercropping is one of the common intercropping patterns [8]. It di-
rectly or indirectly affects soil microbial community diversity and composition by altering
soil aggregate structure, nutrient availability, water redistribution, and root exudates [9,10].
Studies have shown that most intercropping systems can increase bacterial and fungal
diversity by improving the availability of nutrients in soil and the diversity of root exu-
dates [11,12]. Nitrogen has significant effects on microbial growth and metabolism [13]. In
N-limited ecosystems, N fertilizer application can alleviate microbial N limitation, thereby
changing community structure and diversity. In high-N-input systems, soil pH changes
become the primary factor shaping the structure and diversity of soil microbial communi-
ties [4]. Shifts in microbial community diversity and composition feed back on soil nutrient
cycling and ecosystem balance [14].

Maintaining higher soil microbial diversity and a good community structure is crucial
for soil health management. In intercropping systems, changes in soil chemical properties,
aggregates, and the quantity and composition of root exudates alter soil microbial com-
munities [8]. Previous studies on legume/cereal intercropping systems have focused on
bacterial communities, but fungi have stronger N uptake capacities and environmental
tolerance [15,16]. However, the effects of legume/cereal intercropping on the diversity
and composition of soil fungal communities, as well as the mechanisms by which N ap-
plication levels affect fungal community diversity and composition in the legume/cereal
intercropping system, remain unclear.

This study focuses on the soil fungal community in a maize/peanut intercropping
system under different N levels. We hypothesize that: (1) N application will decrease
fungal alpha diversity, while intercropping will increase it; (2) community composition
will be strongly affected by N, but more similar between maize and peanut soils in the
intercropping system. The study aims to investigate the impacts of intercropping and N
application on soil fungal community diversity and composition, and the factors driving
changes in soil fungal community structure, providing a theoretical basis for ecological
evaluation and N regulation in maize/peanut intercropping.

2. Materials and Methods
2.1. Experimental Site

The maize/peanut intercropping micro-plot experiment was started in May 2015 at
the Liaoning Academy of Agricultural Sciences (41◦49′ N, 123◦33′ E) located in Shenyang
city, Liaoning Province, Northeastern China. This region has a temperate sub-humid
monsoon climate with mean annual precipitation of 574–684 mm and rainfall concentrated
mainly from June to September, accounting for approximately 85% of the total annual
precipitation. The experimental site was located at an altitude of 54.4 m a.s.l with an
accumulated temperature above 10 ◦C of 3350 ◦C, mean annual evaporation of 1440 mm,
mean annual temperature of 7.0–8.1 ◦C and a frost-free period of 148–180 days. The soil
was brown earth according to the Chinese Soil Taxonomy [17], with a soil bulk density of
1.38 g·cm−3, organic matter of 15.2 g·kg−1, total N of 0.62 g·kg−1, available phosphorus of
25.4 mg·kg−1, and available potassium of 64.3 mg·kg−1.
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2.2. Experimental Design

The field experiment included three cropping systems: maize monoculture (SM),
peanut monoculture (SP), and maize/peanut intercropping (IM, intercropped maize; IP,
intercropped peanut). In the monoculture systems, four rows of either maize or peanuts
were planted. The intercropping system consisted of two rows of maize alternating with
two rows of peanuts, with each crop occupying 50% of the planting area. Each cropping
system was nested with three N application levels: 0 kg N·hm−2 (N0), 150 kg N·hm−2 (N1),
and 300 kg N·hm−2 (N2). All plots received 90 kg P2O5·hm−2 and 105 kg K2O·hm−2, with
urea (46% N), calcium superphosphate (12% P2O5), and potassium sulfate (50% K2O) used
as the N, P, and K fertilizers, respectively. The fertilizers were applied in furrows before
sowing. The nine treatment combinations were arranged in a randomized complete block
design with three replications. Each plot measured 8 m2 (length 4 m and width 2 m) and
was separated from adjacent plots with a 1 m deep polypropylene board.

For both the monoculture and intercropping systems, the row spacing was 0.5 m. The
planting spacings were 0.33 m and 0.13 m for maize and peanut, respectively. The sowing
density was 6 seeds·m−2 (one seed per hole) for maize and 30 seeds·m−2 (two seeds per
hole) for peanut. The maize and peanut varieties were “Zhengdan 958” (developed by
Henan Academy of Agricultural Sciences, China) and “Baisha 1016” (developed by Baisha
Farm in Guangdong Province, China), respectively. Sowing took place in mid-May, and the
crops were harvested at the end of September each year.

2.3. Sample Collection and Soil Property Measurement Methods

On 24 August 2019, soil samples were collected from the 0–20 cm soil layer during
the peanut pod setting stage. In the intercropping plots, soils were sampled from the
peanut (or maize) plants rows closed to maize (or peanut) plants; 4 plants per row were
sampled. The loosely adhering soil was shaken off the roots and sieved through a 2 mm
mesh. Soil samples from the same plants within each plot were mixed and divided into
two portions (see Supplementary Figure S1A). In the monoculture plots, two plants were
sampled from each of the two inner rows (see Supplementary Figure S1B,C). One portion
of the soil samples was stored at 4 ◦C for determination of ammonium and nitrate contents,
while the other portion was air-dried in the shade for determination of organic matter, total
N, available phosphorus, available potassium, and pH. The remaining rhizosphere soils
from the same plants in each plot were then homogenized and stored at −80 ◦C for fungal
community analysis.

The soil chemical properties were determined according to the methods described by
Lu [18]. Soil organic matter was determined using the potassium dichromate oxidation
method. Total N was analyzed with an elemental analyzer (Elementar III, Hanau, Germany).
Available phosphorus was extracted with 0.5 mol·L−1 NaHCO3 and determined using the
molybdenum blue colorimetric method. Available potassium was extracted with 1 mol·L−1

NH4OAc and measured via flame photometry. Soil pH was determined in a 1:5 (w/w)
soil-water suspension using a Leici SJ-3F pH meter. Fresh soil samples were extracted
with 0.01 mol·L−1 CaCl2, in a 5:1 water-to-soil ratio, and the concentrations of ammonium
(NH4

+) and nitrate (NO3
−) were determined using an automatic flow analyzer (AA3, SEAL

Company, Norderstedt, Germany).
Total DNA was extracted from 0.5 g fresh soil using the Fast DNA® SPIN Kit for

Soil. The purity and concentration of DNA were measured with a NanoDrop 2000 spec-
trophotometer, and integrity was assessed via 1% agarose gel electrophoresis. The fungal
ITS1 region was amplified using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-
3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) with barcodes synthesized for PCR
amplification using an ABI GeneAmp® 9700 instrument. The reaction system (20 µL)
included 2 µL of 10× buffer, 2 µL of 2.5 mmol·L−1 dNTPs, 0.8 µL each of 5 µmol·L−1

forward and reverse primers, 0.2 µL of rTaq polymerase, 0.2 µL of BSA, 10 ng of DNA
template, and ddH2O. Cycling conditions were 95 ◦C for 3 min, followed by cycling (95 ◦C
for 30 s, annealing temperature for 30 s, 72 ◦C for 45 s) and a final extension at 72 ◦C for
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10 min, followed by cooling to 10 ◦C. The PCR products were checked under 2% agarose
gel electrophoresis, and qualified products were recovered via gel extraction and mixed in
appropriate proportions for sequencing.

The ITS sequences were sequenced using the Illumina MiSeq PE300 platform (San Diego,
CA, USA) at the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The
raw paired-end reads were combined using Flash software (version 1.2.11). Barcodes
and primers were removed and duplicate sequences were eliminated using QIIME (ver-
sion 1.9.1) [19]. Chimeric sequences were then identified and excluded from the dataset
using Usearch (version 7.0, http://drive5.com/uparse/ (accessed on 10 May 2024)) [20].
Operational taxonomic units (OTUs) were defined at a 97% similarity threshold using
Uparse (version 7.0.1090) [21]. Taxonomic classification was conducted using UNITE (ver-
sion 8.0) databases. QIIME was used to assign classifications with a threshold value of 0.8.
Before estimating α-diversity, the dataset was rarified to the lowest read count present in
all soil samples.

2.4. Data Analysis

Mothur Version 2.0.4 “https://mothur.org/wiki/otu-based_approaches/ (accessed
on 16th October 2020)” was used to calculate fungal alpha diversity indices based on the
rarefied OTU data. Principal coordinates analysis (PCoA) was performed on the rarefied
OTU data using the Bray–Curtis distance algorithm of the “vagen” package in the R
statistical software (version 3.4.2 (http://cran.rproject.org/). Adonis inter-group difference
tests were conducted to assess the effects of N application and intercropping on fungal
community structure based on the Bray–Curtis distance. Redundancy analysis (RDA)
was used to identify the main soil properties shaping the fungal community. To detect
treatment effects, two-way ANOVA with Duncan’s test (p < 0.05) was carried out in SPSS
Statistics 17.0.

3. Results
3.1. Soil Chemical Properties

Compared with the absence of N application (N0), N1 did not show a significant
impact on nitrate and ammonium content in maize soils (either in monoculture or intercrop-
ping) but significantly reduced the content of available phosphorus (Table 1). On the other
hand, N2 led to significant increases in nitrate and ammonium content, while significantly
reducing the content of available phosphorus. N1 and N2 significantly reduced the pH of
monoculture maize soil (Table 1, p < 0.050), while having no significant effect on the pH of
intercropping maize soil. Intercropping significantly affected the nitrate content, available
phosphorus content, and pH of maize soil (Table 1, p < 0.05). Maize/peanut intercrop-
ping increased the pH of maize soil and significantly increased the available phosphorus
content across all N application levels. The content of available phosphorus and organic
matter decreased with increased N fertilization levels. The content of available potassium
increased with increased N application levels. Compared with monoculture, intercropping
significantly increased the nitrate, available phosphorus, available potassium, total N, and
pH in peanut soil under all three N fertilization levels.

http://drive5.com/uparse/
https://mothur.org/wiki/otu-based_approaches/
http://cran.rproject.org/
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Table 1. Basic soil properties under different treatments.

N
Fertilization

Level

Cropping
Pattern NO3− NH4

+ Available P Available K Total N Organic
Matter pH

(N) (C) (mg·kg−1) (mg·kg−1) (mg·kg−1) (mg·kg−1) (g·kg−1) (g·kg−1)

Maize N0 SM 6.21 ± 0.44
aB

1.29 ± 0.06
aB

34.32 ± 0.81
bA

60.81 ± 1.11
aA

0.66 ± 0.01
aA

16.28 ± 0.23
aA

7.54 ± 0.02
aA

IM 5.13 ± 0.43
aB

1.20 ± 0.08
aB

44.77 ± 0.31
aA

66.52 ± 2.42
aA

0.62 ± 0.02
aA

15.81 ± 0.59
aA

7.37 ± 0.02
bA

N1 SM 7.47 ± 0.30
aB

1.22 ± 0.09
aB

26.97 ± 0.29
bB

66.91 ± 3.35
aA

0.63 ± 0.02
aA

15.79 ± 0.43
aA

7.28 ± 0.02
bB

IM 6.59 ± 0.89
aB

1.24 ± 0.04
aAB

34.85 ± 0.34
aB

68.40 ± 0.36
aA

0.62 ± 0.01
aA

15.19 ± 0.14
aA

7.38 ± 0.03
aA

N2 SM 12.57 ± 1.25
aA

1.82 ± 0.12
aA

26.80 ± 0.26
bB

65.33 ± 0.59
aA

0.62 ± 0.01
aA

14.74 ± 0.20
aB

7.10 ± 0.03
bC

IM 9.16 ± 0.80
aA

1.56 ± 0.14
aA

32.27 ± 0.09
aC

67.96 ± 5.18
aA

0.63 ± 0.03
aA

15.33 ± 0.91
aA

7.36 ± 0.01
aA

p value N 0.000 0.001 0.000 0.355 0.666 0.168 0.000
C 0.013 0.171 0.000 0.171 0.376 0.706 0.003

N × C 0.221 0.349 0.000 0.737 0.498 0.448 0.000

Peanut N0 SP 7.81 ± 0.36
aB

1.41 ± 0.10
aA

34.12 ± 0.22
bA

78.82 ± 1.36
aA

0.60 ± 0.04
bA

15.86 ± 0.96
aA

7.21 ± 0.01
aC

IP 11.39 ± 2.95
aA

1.73 ± 0.31
aA

43.03 ± 0.84
aA

79.36 ± 1.24
aB

0.83 ± 0.03
aA

17.46 ± 0.40
aA

7.22 ± 0.01
aC

N1 SP 9.45 ± 0.36
aA

1.62 ± 0.11
aA

31.73 ± 0.29
bB

81.36 ± 1.71
bA

0.62 ± 0.04
aA

14.61 ± 0.66
aA

7.26 ± 0.01
bB

IP 11.22 ± 1.97
aA

1.16 ± 0.06
bA

38.70 ± 0.31
aB

93.46 ± 2.96
aA

0.72 ± 0.02
aB

15.94 ± 0.49
aB

7.48 ± 0.04
aB

N2 SP 4.07 ± 0.08
bC

1.50 ± 0.18
aA

29.43 ± 0.10
bC

84.25 ± 2.75
bA

0.64 ± 0.02
aA

15.44 ± 0.46
aA

7.46 ± 0.02
bA

IP 9.78 ± 0.59
aA

1.46 ± 0.07
aA

39.58 ± 0.66
aB

98.57 ± 1.69
aA

0.66 ± 0.02
aB

14.63 ± 0.21
aB

7.58 ± 0.02
aA

p value N 0.092 0.554 0.000 0.000 0.079 0.033 0.000
C 0.010 0.657 0.000 0.000 0.000 0.161 0.000

N × C 0.440 0.090 0.019 0.013 0.005 0.115 0.000

SM, maize monocropping; SP, peanut monocropping; IM, intercropping maize; IP, intercropping peanut. N0, N150,
N300 represent N application levels of 0 kg N·hm−2, 150 kg N·hm−2, and 300 kg N·hm−2, respectively. The values
are shown as mean ± SE. The different lowercase letters indicate a significant difference between monoculture
and intercropping system at 0.05 level, and the different capital letters indicate a significant difference between
different N fertilization levels under the same cropping pattern at 0.05 level.

3.2. Soil Fungal Alpha Diversity

As shown in Figure 1, the rarefaction curves for maize and peanut soil tended to
plateau, indicating that the sequencing depth was sufficient and the gene sequences in
the samples can reasonably reflect the real situation of the soil fungal communities. This
suggests that the sampling and sequencing efforts adequately captured the diversity and
richness of the soil fungal communities in this study.
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Nitrogen fertilization and intercropping had no significant effect on the Shannon
index of the fungal community in maize soil (Figure 2A; p > 0.05). However, they had
a significant effect on the Ace and Chao indices of the fungal community (Figure 2C,E;
p < 0.01). Compared with N0, N1 increased the fungal Ace and Chao indices in maize soil,
while N2 decreased these indices. The Ace and Chao indices of fungal communities in
maize soil in the intercropping system were significantly lower than those in monoculture,
across all N fertilization levels. The average Ace indices for SM and IM were 985.98 and
887.74, respectively. Similarly, the average Chao index for SM was 1008.89, compared
with 896.76 for IM. Pearson correlation analysis between fungal alpha diversity indices
and soil chemical properties showed that, in maize soil, only available potassium was
significantly negatively correlated with the Ace index (Table 2). No other soil chemical
properties demonstrated significant correlation with the fungal diversity indices.
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soil appeared to be relatively minor, with no significant differences existing among the 
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N, nitrogen application effect; C, cropping pattern effect; N × C, the interaction effect of N fertilization
and cropping pattern. The different lowercase letters indicate a significant difference between
monoculture and intercropping system under the same N fertilization leavel at 0.05 level, and the
different capital letters indicate a significant difference between different N fertilization levels under
the same cropping pattern at 0.05 level.
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Table 2. Pearson correlation coefficients of soil fungal alpha diversity indexes and chemical properties.

Alpha Diversity Indexes NO3− NH4
+ Available P Available K Total N Organic Matter pH

Maize Shannon index −0.020 0.047 0134 −0.455 0.438 0.364 0.141
Ace index −0.121 −0.317 −0.261 −0.471 * 0.197 0.273 0.112

Chao index −0.116 −0.313 −0.248 −0.427 0.112 0.215 0.042

Peanut Shannon index 0.213 −0.323 0.430 0.400 −0.008 −0.017 0.261
Ace index 0.144 −0.533 * 0.221 0.001 −0.051 −0.036 0.083

Chao index 0.189 −0.448 0.327 0.043 0.067 0.005 0.097

* represent significant levels at p < 0.05.

The impact of N fertilization on fungal Shannon, Ace, and Chao indices in peanut soil
appeared to be relatively minor, with no significant differences existing among the N0, N1,
and N2 treatments (Figure 2B,D,F; p > 0.05). Compared with monoculture, intercropping
significantly increased the fungal Shannon index in peanut soil (p < 0.05), with average
values of 3.98 and 4.25 for SP and IP, respectively. However, the effects varied across N
application levels. Under the N0 treatment, the fungal Shannon, Ace, and Chao indices
in intercropped peanut soil were lower than those in the monoculture, while under N1
and N2 treatments, the fungal Shannon, Ace, and Chao indices in the intercropped peanut
soil were higher than those in the monoculture. This indicates that both N application and
intercropping altered the fungal community diversity and richness in the peanut soil. In
the peanut soil, only ammonium content showed a significant negative correlation with the
Ace index (Table 2).

3.3. Soil Fungal Community Structure

The fungal community structure similarity among all treatments was analyzed at the
OTU level, and Venn diagrams were constructed to visualize the overlap (Figure 3A,B). For
maize soil, a total of 631–685 OTUs were identified across all treatments, with 457 OTUs
shared among all treatments and 174–228 OTUs unique to specific treatments. The to-
tal numbers of OTUs and unique OTUs under each N treatment followed the pattern
N1 > N0 > N2, with average values of 673, 667, and 646 for total OTUs and 216, 210, and
189 for unique OTUs, respectively. The overall OTU numbers were higher in SM compared
with IM, with average values of 676 and 648, respectively. Similarly, the number of unique
OTUs was higher in SM compared with IM, with average values of 219 and 191, respec-
tively. In peanut soil, 462 OTUs were shared among all treatments, and 169–225 OTUs were
unique to each treatment. Similar to maize soil, the total numbers of OTUs and unique
OTUs in peanut soil demonstrated the pattern N1 > N0 > N2, with total OTU numbers of
659.5, 653, and 642, and unique OTU numbers of 197.5, 191, and 177, respectively. The total
numbers of OTUs and unique OTUs were higher in IP compared with SP, with total OTU
numbers of 654 and 647, and unique OTU numbers of 192 and 185, respectively.

In maize soil, the fungal community structure was significantly separated between
N0 (red), N1 (blue), and N2 (purple), while the separation between N1 and N2 was less
apparent (Figure 3C). The fungal communities of maize soil under intercropping and mono-
culture exhibited distinct distribution along the PC2 axis, indicating that N fertilization and
intercropping significantly altered the structure of maize soil fungal communities, although
N fertilization alone did not exert a significant effect on the fungal community structure.
There was no clear separation between N0, N1, and N2, but significant separation was
evident between fungal communities under monoculture and intercropping at each level
of N fertilization (Figure 3D).
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3.4. Relative Abundance of Soil Fungal Taxa

In the maize soil, the dominant fungal taxa were Ascomycota, Basidiomycota, Mortierel-
lomycota, unclassified_k_Fungi, and Chytridiomycota (relative abundances > 1%), account-
ing for approximately 98.77% to 99.82% of the total fungal taxa (Figure 4A). Ascomycota
was the most abundant phylum, ranging from 59.06% to 71.91%, followed by Basidiomy-
cota, which ranged from 7.70% to 19.54%. The relative abundance of Ascomycota and
Chytridiomycota first decreased followed by an increase with increasing N fertilization
levels. The relative abundance of Ascomycota was 70.74%, 59.84%, and 61.60% in N0,
N1, and N2, respectively, while that of Chytridiomycota was 0.48%, 0.40%, and 2.43%,
respectively. Conversely, the relative abundance of Basidiomycota was 8.23%, 19.53%, and
17.75%, and that of unclassified_k_Fungi was 4.86%, 6.86%, and 5.91% in N0, N1, and N2,
respectively. Compared with the maize monoculture, intercropping increased the relative
abundance of Mortierellomycota from 11.48% to 14.92% in maize soil, while decreasing the
relative abundance of Ascomycota, unclassified_k_Fungi, and Chytridiomycota.

In the peanut soil, the dominant fungal taxa were Ascomycota, Mortierellomycota, un-
classified_k_Fungi, Basidiomycota, and Chytridiomycota (with relative abundances > 1%),
accounting for approximately 99.40% to 99.90% of the total fungal taxa (Figure 4B). As-
comycota was the most abundant taxon, ranging from 66.57% to 82.95%, followed by
Mortierellomycota, ranging from 6.63% to 12.47%. With increasing levels of N fertilization,
the relative abundance of Ascomycota decreased from 79.77% to 73.61%, while the relative
abundance of Basidiomycota increased from 3.78% to 7.27%. The relative abundance of
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Mortierellomycota initially decreased and then increased, while the relative abundance
of unclassified_k_Fungi initially increased and then decreased. Compared with monocul-
ture, intercropping decreased the relative abundance of Ascomycota and Chytridiomycota,
but increased the relative abundance of Basidiomycota and Mortierellomycota in the
peanut soil.
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Along the RDA1 axis, the fungal communities of N0 (red), N1 (blue), and N2 (purple)
were distinctly separated, while there was no significant separation between monoculture
and intercropping in the maize soil (Figure 5A). The selected soil chemical properties could
explain 62.9% of the total variation in fungal community composition in the maize soil.
Nitrate (NO3

−, Table 3, F = 8.37, p = 0.002) was the main factor influencing the fungal
community composition in maize soil, with an explanatory power of 34.3%.
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Table 3. Redundancy analysis (RDA) of fungal community.

Environmental Factors Explains (%) Contribution (%) Pseudo-F Value p Value

Maize NO3
− 34.3 54.5 8.37 0.002

Organic matter 8.5 13.5 2.22 0.082
Available K 6.5 10.4 1.81 0.152

Total N 6.0 9.5 1.80 0.164
Available P 4.0 6.4 1.20 0.270

pH 3.3 5.2 0.96 0.406
NH4

+ 0.3 0.5 0.09 0.984

Peanut NO3
− 14.7 31.8 2.75 0.032

Available K 8.2 17.8 1.60 0.188
Total N 7.7 16.8 1.56 0.190
NH4

+ 6.6 14.3 1.36 0.260
Organic matter 5.9 12.9 1.25 0.314

Available P 2.0 4.3 0.40 0.772
pH 1.0 2.1 0.18 0.950

Monoculture and intercropping were distinctly separated along the RDA2 axis, while
there was no significant separation among N0, N1, and N2 in the peanut soil (Figure 5B).
The soil chemical properties’ total explanation for the variation in fungal community
composition in peanut soil was 46.1%. Nitrate (NO3

−, Table 3, F = 2.75, p = 0.032) was
the main factor influencing the fungal community composition in peanut soil, with an
explanatory power of 14.7%.

4. Discussion
4.1. Effects of Maize/Peanut Intercropping and Nitrogen Application on Soil Chemical Properties

Our study indicates that N fertilization significantly increased the nitrate content in
maize soil while decreasing the available phosphorus content. However, maize/peanut
intercropping can mitigate this change induced by N fertilization. However, contrary to
maize soil, the nitrate N content in peanut soil was not influenced by N fertilization, but
maize/peanut intercropping increased the nitrate N content in peanut soil. The variation
in nitrate content in the soil depends on the crop’s absorption capacity and N cycling
processes in the soil. Previous reports show that N fertilization can increase nitrate content
in soil [22,23]. In this study, the decrease in nitrate content in maize soil under intercropping
conditions may be attributed to the promotion of maize growth by intercropping, leading
to increased N absorption by maize [24]. Meanwhile, the increase in nitrate content
in peanut soil under intercropping conditions may be due to the higher abundance of
ammonia-oxidizing archaea and ammonia-oxidizing bacteria and the nitrification potential
in intercropped peanut soil compared with monoculture peanut soil, thus increasing the
potential for ammonium oxidation to nitrate [25]. Studies have shown that cereal/legume
intercropping can increase the activity of soil phosphatase [26], significantly increase the
available phosphorus content in the rhizosphere soil of crops [27,28], alleviate phosphorus
limitation in low-phosphorus soil [29], and improve the efficiency of phosphorus fertilizer
utilization [30], which is consistent with the results of this study.

4.2. Effects of Maize/Peanut Intercropping and Nitrogen Fertilization on Soil Fungal Diversity

Soil microbial diversity plays a pivotal role in maintaining the multifunctionality and
health of soil. The loss of microbial diversity can have detrimental effects on soil fertility, or-
ganic matter content, and biological control, thereby reducing soil multifunctionality [31,32].
The Ace and Chao indices quantify the richness of species in microbial communities, while
the Shannon index indicates species diversity within the community. Inconsistent with our
first hypothesis, low N fertilization (150 kg·hm−2) increased fungal richness (Ace and Chao
indices) in maize soil, while high N fertilization (300 kg·hm−2) significantly reduced fungal
richness in maize soil. However, N fertilization did not affect the Shannon index, indicating
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a minimal impact of N fertilization on fungal species diversity. Moderate N application was
beneficial for increasing soil fungal species richness, reflected in the results presented in the
Venn diagram. Similar to our findings, Liao et al. [33] found that moderate N fertilization re-
sulted in the highest Chao index of fungi in soil, possibly due to the increased aboveground
biomass and soluble organic carbon content below ground. However, in this study, inter-
cropping reduced fungal species richness, species numbers, and unique species numbers in
maize soil but significantly increased fungal species richness, diversity, species numbers,
and unique species numbers in peanut soil. Additionally, no consistent environmental
factors affecting fungal diversity were found. Combining with previous studies [9,34],
we infer that the interaction between maize and peanut (including aboveground resource
competition and belowground root interaction) is a crucial factor influencing soil fungal
diversity. Maize/peanut intercropping reduced fungal community diversity in maize soil,
possibly due to the proliferation of certain microorganisms and inhibition of the growth
of others [35]. In intercropping systems, the increase in fungal community richness and
diversity in peanut soil indicates enhanced functional redundancy among various microbial
groups, which can help mitigate the impact of fluctuations in certain microbial groups
on soil ecosystem multifunctionality and maintain soil health in peanut soil [32]. This is
beneficial for alleviating the problem of continuous cropping obstacles in peanut soil [36].
Therefore, from the perspective of soil fungal diversity, maize/peanut intercropping can be
a valuable practice in agricultural systems to maintain the ecological function of peanut soil.

4.3. Impact of Maize/Peanut Intercropping and Nitrogen Fertilization on Soil Fungal Community
Composition

Consistent with the second hypothesis, the fungal community composition was sig-
nificantly different between N application levels in the maize soil. In this study, at the
phylum level, five dominant fungal phyla (relative abundance > 1%) were detected in
both maize and peanut soils, namely Ascomycota, Basidiomycota, Mortierellomycota,
unclassified_k_Fungi, and Chytridiomycota, accounting for 98.77–99.82% and 99.40–99.90%
of the total fungal abundance, respectively. Studies have shown that the abundance of
Ascomycota is mainly regulated by N content in soils [37]. Compared with low N fertiliza-
tion, high N fertilization increased the abundance of Ascomycota [3], while excessive N
fertilization, such as N application exceeding 300 kg·hm−2, inhibited the growth of this
fungal phylum [22]. However, in this study, with increasing N application, the relative
abundance of Ascomycota in the maize soil showed an initial decreasing trend followed by
an increase, while it decreased in peanut soil. This may be due to significant differences
in the responses of various microorganisms at lower taxonomic levels to N fertilization.
For example, different genera within Ascomycota, such as Cenococcum, Hypocrea, and
Phialophora, exhibit varying responses to N [38]. Long-term monoculture (i.e., continuous
cropping) leads to imbalances in the soil microbial community structure, inhibiting the
growth of beneficial bacteria and promoting colonization by pathogenic fungi [39]. In
this study, compared with maize and peanut monoculture, intercropping reduced the
abundance of Ascomycota in both maize and peanut soils, while the relative abundance
of Mortierellomycota increased. Yuan et al. [40] showed that the relative abundance of
Ascomycota was higher in soils with wilt disease, while Mortierellomycota were more
abundant in healthy soils. This suggests that maize/peanut intercropping has the potential
to improve soil fungal community composition and enhance soil disease resistance.

This study indicates that soil nitrate content is an important environmental factor
influencing fungal community composition. Deng et al. [22] reported that soil nitrate
content is a major factor influencing changes in soil fungal community structure, which
is consistent with the results of this study. In intercropping systems, maize roots can
extend into the peanut rhizosphere [41], absorbing nitrate from the peanut rhizosphere,
thereby affecting the composition of peanut rhizosphere microorganisms, demonstrating
the intercropping effect.
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5. Conclusions

The impact of N fertilization and intercropping on fungal richness, species number,
and diversity in soils can be substantial. Increased N fertilization initially raised fungal
richness and species numbers in maize soil, followed by a subsequent decrease, while
fungal diversity and richness in peanut soil tended to decrease. Intercropping significantly
reduced fungal richness, total species numbers, and unique species numbers in maize soil,
while it increased fungal diversity, richness, total species numbers, and unique species
numbers in peanut soil. Nitrogen fertilization and intercropping significantly altered
the fungal community structure in maize soil, whereas N fertilization had no significant
effect on the fungal community structure in peanut soil. Intercropping, however, altered
the fungal community structure in peanut soil. Nitrogen fertilization and intercropping
significantly affected the species richness of fungi in maize and peanut soil. Redundancy
analysis indicated that nitrate content was the primary environmental factor influencing soil
fungal community composition. Our results provide valuable insights into the dynamics
of fungal communities in response to N fertilization and intercropping. These results
suggest that moderate N application in maize/peanut intercropping systems is conducive
to fostering healthy soil for peanut cultivation, which may lead to increased yields. These
findings highlight the potential benefits of employing such holistic agricultural practices to
maintain soil health and enhance crop production.
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