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Abstract
Background :  To study the impact of land-use change on soil microbial community structure and
diversity in Northeast China, three typical land-use types (plough, grassland, and forest), grassland
change to forest land and grassland change to plough, in the Qiqihar region of Heilongjiang Province
were taken as research objects. Methods : MiSeq high-throughput sequencing technology based on
bacterial 16S rRNA and fungal ITS rRNA was used to study the above community structure of soil
bacteria and fungi and to explore the relationship between soil bacteria and soil environmental factors.
Results : The results showed that the dominant bacterial phyla changed from Actinobacteria  to
Acidobacteria , the dominant fungal phyla changed from Ascomycetes  to Basidiomycetes , and the ECM
functional group increased signi�cantly after the grassland was completely changed to forest land. After
the grassland was changed to plough, the dominant phyla changed from Actinomycetes  to
Proteobacteria . The functional groups of pathogens and parasites increased signi�cantly. There was no
signi�cant difference in the diversity of soil bacterial communities, and the diversity of fungal
communities increased signi�cantly. CCA showed that pH, MC, NO 3 - -N, TP and AP of soil were
important factors affecting the composition of soil microbial communities, and changes in land-use
patterns changed the physical and chemical properties of soils, thereby affecting the structure and
diversity of microbial communities. Conclusions : Our research results clarify the impact of changes in
land use on the characteristics of soil microbial communities and provide basic data on the healthy use
of land.

Background
The soil microbial community is the main driving force of ecosystem processes and has the functions of
completing the decomposition of soil organic matter and plant litter and mediating the carbon (C) and
nitrogen (N) biogeochemical cycles in terrestrial ecosystems[1,2]. However, the composition and diversity
of these communities are largely controlled by soil environmental conditions. Therefore, understanding
the composition and diversity of soil microbial communities can reveal the interrelationships between soil
microorganisms and the local environment and how these communities respond to human disturbance[3].

Land-use transformation dominated by human activities has a signi�cant impact on the composition and
structure of soil microbial communities[4, 5]. It can fundamentally change soil quality and nutrient cycling,
thereby affecting the construction of soil microbial communities, and it can potentially affect soil
microbial diversity and ecosystem functions[6, 7]. For example, Jangid et al.[8] found that grassland
conversion to plough caused signi�cant changes in bacterial and fungal abundance and diversity and
determined that land-use change was the main determinant of microbial community composition. Wang
et al.[9] found that after grassland was transformed into pine forest, the dominant soil bacterial phylum
changed from Proteus to Actinomycetes, the dominant fungal phylum changed from Ascomycetes to
Basidiomycetes, and grassland afforestation increased ECM fungi but reduced biological nutrition
fungus. Mendes et al.[10] found that the contents of acidophilus bacteria and chlamydia in forest soil
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were higher, the content of actinomycetes in forest logging areas was higher, and the content of nitrifying
bacteria and thermophilus bacteria in plough was higher.

Heilongjiang Province, as China's largest commercial grain production base, has fertile soil and a long
history of farming. It's soil physical and chemical properties and fertility are crucial to the sustainable
development of agriculture[11]. Since the 1950s, with the increase in population, to solve the problems of
food and clothing, the area has adopted land reclamation to obtain ploughs. The original grassland was
reclaimed into plough, and the natural vegetation disappeared. When the plough land was abandoned,
the ground was exposed, which seriously damaged the soil, and it was di�cult to restore the original
plant community in a short period[12]. At the beginning of the 21st century, the government realized the
severity of the ecological and environmental problems and planted some grassland and abandoned land
with forest to protect the fragile local ecological environment and promote sustainable and stable
economic development[13, 14]. In this paper, in the western region of Heilongjiang Province was chosen as
the study area, and three land-use types—grass, plough, forest land—were used to determine how long-
term land use changed the soil physical and chemical properties and soil bacterial and fungal community
structure and diversity; this information is important for the maintenance of soil fertility in the study area,
for breeding and for providing a scienti�c basis for the protection of soil microbial diversity.

Results
Physical and chemical properties of soil in different land-use patterns

The physical and chemical properties of the soil of the three land-use patterns are shown in Table 1. The
pH of all soils was relatively alkaline, with a signi�cant difference between grassland and plough
(P<0.05), with the lowest pH value in plough and the highest pH value in grassland. The soil moisture
content of the three land-use patterns was signi�cantly different (P<0.05), with the highest soil moisture
content in forest. The contents of microbial biomass carbon, microbial biomass nitrogen, total
phosphorus, available phosphorus and nitrate nitrogen in plough were signi�cantly higher than those in
forest and grassland (P < 0.05). However, there was no signi�cant difference in soil organic matter, total
nitrogen, ammonium nitrogen, total potassium or available potassium.

Table 1 Physical and chemical properties of soil in different land use patterns
Land use patterns pH value MC % MBC

/(mg/kg)
MBN

/(mg/kg)
SOC

/(g/kg)
TN

/(g/kg)
Forest 9.09±0.07ab 14.19±0.52a 140.89±36.51b 12.48±3.43b 2.01±0.51a 5.06±2.03a

Grassland 9.23±0.26a 13.66±0.27b 154.65±52.63b 9.33±5.03b 2.17±0.51a 5.29±2.77a
Plough 8.96±0.11b 13.48±0.82b 227.49±69.93a 19.59±6.33a 2.06±0.08a 4.34±1.11a
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Land use patterns NH4
+-N

/(mg/kg)

NO3 -N

/(mg/kg)

TP
/(g/kg)

TK
/(mg/kg)

AP
/(mg/kg)

AK
/(mg/kg)

Forest 2.76±0.42a 5.44±2.41b 0.51±0.05b 4.02±1.31a 5.71±1.74b 22.14±6.73a
Grassland 2.37±0.23a 2.93±0.79c 0.43±0.07c 3.24±1.71a 4.51±1.79b 20.09±2.51a

Plough 2.56±0.35a 11.42±2.33a 0.74±0.07a 3.92±1.61a 15.83±5.82a 25.78±4.35a
Note Mean values (means ± SD, n=6) followed by different letters indicate significant difference between land-
use types at the P < 0.05 level.  The same below. MC moisture content MBC micro biomass carbon; MBN:

microbiomass nitrogen: SOC: soil organic carbon: TN: total nitrogen;  NH4
+-N: Ammonium nitrogen; NO3 -N:

Nitrate nitrogen; TP: total phosphorus; AP: available phosphorus; TK: total potassium; AK: available potassium.

Venn diagram of soil microorganisms in different land-use patterns

The bacterial Venn diagram of the three land-use patterns is shown in Figure 1A. There were 3,680 soil
bacteria OTUs in the three land-use types of grassland, forest and plough; among them, 2,208 OTUs were
in the three land-use types, accounting for 60.27% of all OTUs. The maximum number of grassland soil
bacteria OTUs was 3028, accounting for 82.28% of the total, and the number of unique OTUs was 207,
accounting for 5.63% of the total. The lowest number of soil bacteria OTUs was 2888, accounting for
78.48% of the total, and the number of speci�c OTUs was 90, accounting for 2.45% of the total. The
number of plough soil bacteria OTUs was 3,018, accounting for 82.01% of the total, and the number of
unique OTUs was 337, accounting for 9.16% of the total.

The fungi Venn diagram of the three land-use patterns is shown in Figure 1B. There were 1,819 soil
fungal OTUs in the three land-use types of grassland, forest and plough, among which 205 OTUs were in
the three land-use types, accounting for 11.26% of all OTUs. The maximum number of plough soil fungal
OTUs was 1042, accounting for 57.28% of the total, and the number of unique OTUs was 545, accounting
for 29.96% of the total. The lowest number of OTUs was 649, accounting for 35.68% of the total, and the
number of unique OTUs was 192, accounting for 10.55% of the total. The number of forest soil fungal
OTUs was 745, accounting for 40.95% of the total, and the number of unique OTUs was 228, accounting
for 12.53% of the total.

Effects of land-use patterns on alpha diversity of soil bacteria and fungi

There was no signi�cant difference between the Shannon index and Simpson index of soil bacteria.
However, the soil bacterial Ace and Chao1 indexes of the three land-use patterns were signi�cantly
different (P < 0.05). Among them, the Ace index showed plough > forest > grassland, and there were
signi�cant differences between grassland, forest, and plough (P < 0.05). The Chao1 index result was
plough > forest > grassland, and the three land-use types had signi�cant differences (P<0.05). The
number of soil bacteria OTUs was signi�cantly different and showed plough > forest > grassland.

The soil fungal Shannon index, Simpson index, Ace index, Chao1 index, and OTU index were signi�cantly
different (Table 2). The OTU index was ranked plough > forest > grassland; the Shannon diversity index
was plough > grassland > forest; the Simpson index was forest > grassland> plough; the Ace index was
plough > forest > grassland; and the Chao1 index was plough > forest > grassland.
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Table 2 Diversity index of soil bacterial and fungal communities in different 
land use patterns

  Land use types Shannon Simpson Ace Chao1
Bacterial Forest 6.34±0.19a 0.0045±0.0012a 2292.25±141.12a 2284.91±139.51ab

Grassland 6.08±0.30a 0.0077±0.0041a 1977.76±397.36b 1990.98±391.46b
Plough 6.32±0.49a 0.0126±0.0199a 2401.35±131.88a 2408.77±140.43a

Fungal Forest 2.73±0.48b 0.1506±0.0639a 380.89±238.18b 358.88±11.91b
Grassland 3.09±0.46b 0.1205±0.0808a 242.13±30.06c 111.91±24.81c

Plough 4.04±0.34a 0.0597±0.0353b 465.72±39.03a 468.18±23.50a

Effects of land-use patterns on beta diversity of soil bacteria and fungi

The beta diversity of bacterial and fungal communities in different land-use patterns was measured by
the h-cluster and PCoA of the Bray-Curtis distance. The beta diversity of the bacterial community is
shown in Figures 2A and 2B, with signi�cant differences between bacterial community structures in
different land-use patterns (PERMANOVA: r=0.43, P<0.01). This result indicates that the differences within
samples are not signi�cant, and the differences mainly come from the different samples. Long-term
changes in land use will lead to signi�cant changes in bacterial community structure. The beta diversity
of fungal communities is shown in Figures 2C and 2B, with signi�cant differences between fungal
community structures in different land-use patterns (PERMANOVA: r=0.54, P<0.01). This result indicates
that the differences within samples are not signi�cant, and the differences mainly come from the
different samples. Long-term changes in land use will lead to signi�cant changes in fungal community
structure.

Analysis of soil bacterial and fungal community structure in different land-use patterns

From the perspective of the overall bacterial community structure, all OTUs belong to 55 bacterial phyla.
If the sequence cannot be classi�ed to the known phylum level, the phylum can be uniformly classi�ed
into "others". According to the relative abundance of all phylum levels of the three land-use patterns, the
dominant bacteria in the samples were Proteobacteria, Acidobacteria and Actinobacteria (Figure 3A). The
relative abundance of actinomycetes among the dominant bacteria in the original grassland soil was
30.01%, the relative abundance of Acidobacteria was 29.52%, and the relative abundance of
Proteobacteria was 17.57% (Figure 3B). The dominant phylum in plough soil was Proteobacteria, with a
relative abundance of 31.22%; additionally, the relative abundance of Actinomycota was 8.73%, and the
relative abundance of Acidobacteria was 21.42% (Figure 3C). The dominant phylum in forest was
Acidobacteria, with a relative abundance of 35.7%; additionally, the relative abundance of Proteobacteria
was 20.53%, and the relative abundance of Actinomycota was 15.8% (Figure 3D).

From the perspective of the overall composition of the fungal community structure, all OTUs belong to 35
bacterial phyla, and the sequences that cannot be classi�ed to a known phylum level are uniformly
classi�ed as "others". From the relative abundance of all levels of the three land-use patterns, the
dominant phyla in the sample were Ascomycota, Basidiomycota, and Zygomycota (Figure 4A). The
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relative abundance of Ascomycota is grassland was 62.74%, making it the dominant soil fungi;
additionally, the relative abundance of Basidiomycota was 2.60%, and the relative abundance of
Zygomycota was 0.86% (Figure 4B). After the grassland was converted to plough, the dominant
mycoplasma was still Ascomycota, with an abundance of 46.63%, the abundance of Basidiomycota was
11.87%, and the abundance of Zygomycota was 7.28% (Figure 4C). The dominant phylum of the forest
was Basidiomycota, with an abundance of 76.68%; it was followed by Ascomycota, with an abundance
of 15.90%, and Zygomycota, with an abundance of 1.18% (Figure 4D).

One-way ANOVA and two-sample T-test method were used to analyse the difference in abundance of
bacterial community gates in different land-use patterns. A total of 7 gates had signi�cant differences in
the three land-use patterns (Figure 5A). These included Acidobacteria (P<0.05), Actinobacteria (P<0.001),
Gemmatimonadetes (P<0.05), Bacteroidetes (P<0.001), Planctomycete (P<0.001), unclassi�ed_k_norank
(P<0.05), and Latescibacteria (P<0.01). There were signi�cant differences between the 4 gates of forest
and grassland (Figure 5B), mainly in Actinobacteria (P<0.001), Bacteroidetes (P<0.001),
unclassi�ed_k_norank (P<0.05), and Latescibacteria (P<0.01). There were signi�cant differences between
the 9 forest and plough gates (Figure 5C), mainly in Acidobacteria (P<0.05), Proteobacteria (P<0.05),
Chloro�exi (P<0.05), Gemmatimonadetes (P<0.05), Acteroidetes (P<0.001), Saccharibacteria (P<0.05),
Planctomycetes (P<0.001), Parcubacteria (P<0.05), and Latescibacteria (P<0.001). There were signi�cant
differences between 7 gates in grassland and plough (Figure 5D), including Proteobacteria (P<0.05),
Actinobacteria (P<0.001), Gemmatimonadetes (P<0.05), Bacteroidetes (P<0.001), Saccharibacteria
(P<0.05), Planctomycetes (P<0.001), and Parcubacteria (P<0.05).

Based on the difference in the level abundance of the fungal community gates in the three land-use
patterns (Figure 6), there were 6 gates with signi�cant differences in the three land-use patterns:
Ascomycota (P<0.001), Basidiomycota (P<0.001), Zygomycota (P<0.01), Glomeromycota (P<0.01), and
Chytridiomycota (P<0.05). There were signi�cant differences between the two gates of plough and
grassland (Figure 6B), mainly in Basidiomycota (P<0.05) and Zygomycota (P<0.01). There were
signi�cant differences between the four gates of forest and plough (Figure 6C), mainly in Basidiomycota
(P<0.001), Ascomycota (P<0.01), Zygomycota (P<0.01), and Glomeromycota (P<0.05). There were
signi�cant differences between the 7 gates in grassland and forest (Figure 6D), mainly in Basidiomycota
(P<0.001), Ascomycota (P<0.001), and Glomeromycota (P<0.05).

From the differences in the composition of the bacterial communities in the three land-use patterns, there
were a total of 9 classi�cations that had signi�cant differences among the three land-use patterns (Figure
7A): c__Acidobacteria, g__RB41, f__Nitrosomonadaceae, o__Acidimicrobiales, g__Sphingomonas,
o__Gaiellales, c__Actinobacteria, f__JG34-KF-161, and c__KD4-96. There were signi�cant differences
between the four classi�cations of forest and grassland (Figure 7B): c__Acidobacteria,
o__Acidimicrobiales, f__Nitrosomonadaceae, and f__Elev-16S-1332. There were signi�cant differences
between the 8 classi�cations of forest and plough (Figure 7C): c__Acidobacteria, g__RB41,
g__Sphingomonas, f__JG34-KF-161, o__Acidimicrobiales, c__Gemmatimonadetes, c__Actinobacteria, and
c__KD4-96. There were signi�cant differences between the 9 classi�cations of grassland and plough
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(Figure 7D): g__RB41, f__Gemmatimonadacese, o__Acidimicrobiales, g__Sphingomonas,
f__Nitrosomonadaceae, o__Gaiellales, c__Actinobacteria, f__JG34-KF-161, and p__Saccharibacteria.

From the difference in the abundance of the classi�cation of fungal communities in the three land-use
patterns, a total of �ve classi�cations had signi�cant differences (Figure 8A): k_Fungi, Inocybe,
p_Ascomycota, Mortierella, and Guehomyces. There were signi�cant differences between 15
classi�cations of forest and grassland (Figure 8B): Inocybe, p_Ascomycota, k_Fungi, o_Geoglosssales,
Cortinarius, f_Thelephraceae, Rhizoplagus, IIyonectria, Myrothecium, o_Sebacineles, o_Microascales,
o_SoCCAriales, Paraphoma, Ramicandelaber, and Apodus. There were signi�cant differences between 15
classi�cations of forest and plough (Figure 8C): Inocybe, k_Fungi, Morticrella, Chaetomium,
f_Lasioshaenaceae, Fusarium, Guehomyces, Cortinatius, Microdochium, o_Lpeosporales, o_Lpeosporales,
f_Davidellaceae, f_Glomeraceae, Cryptococcus, and Schizothecium. There were signi�cant differences
between the 15 classi�cations of grassland and plough (Figure 8D): p_Ascomycota, Mortierella,
Chaetomium, f_Lasioshaenaceae, Guehomyces, o_Geoglossales, o_Lpeosporales, o_Lpeosporales,
Microdochium, Geopora, Cryptococcus, Schizothecium, Stachypotrys, f_Thelephraceae, and Talaromyces.

Functions of soil bacterial and fungal communities in different land-use modes

Using the PICRUSt function prediction software to analyse the soil bacterial community functions in
different land-use patterns, it can be seen from Figure 9A that the bacterial community functions are
mainly amino acid transport and metabolism; energy production and conversion; signal transduction
mechanisms; cell wall/membrane biogenesis; transcription; carbohydrate transport and metabolism;
inorganic ion transport and metabolism; translation, ribosomal structure and biogenesis; lipid transport
and metabolism; posttranslational modi�cation, protein turnover; coenzyme transport and metabolism;
secondary metabolite biosynthesis, transport and catabolism; nucleotide transport and metabolism;
defence mechanisms; cell cycle control, cell division, chromosome partitioning; RNA processing and
modi�cation; and chromatin structure and dynamics. It can be seen from Table 3 that except for the three
functions of intracellular tra�cking, secretion, and vesicular transport, cytoskeleton, and extracellular
structures, there were no signi�cant differences in the other functions.

Table 3 Functional categories of soil bacterial communities in different land uses patterns



Page 8/33

Functional categories Grassland Forest Grassland p
Amino acid transport and metabolism 2156599.2±108447.22120358.2±116315.21748427.5±205193.50.000**
Energy production and conversion 1928593.2±107958.51908954.6±90947.3 1528709.8±219359.10.000**
Signal transduction mechanisms 1803505.5±137977.51923574.2±68798.7 1535812.2±264067.10.005**
Cell wall/membrane/envelope
biogenesis

1729648.6±169565.41852972.3±88768.4 1548832.8±227847.30.025**

Transcription 1779757.8±133546.21641553.8±94778.1 1340401.2±140126.10.000**
Carbohydrate transport and metabolism 1595887.6±117559.21558833.6±67370.7 1255254.2±117630.20.000**
Replication, recombination and repair 1386877.8±95824.8 1462371.2±37611.2 1212317.6±105834.30.000**
Inorganic ion transport and metabolism 1319226.6±48655.4 1335140.6±54643.4 1186993.3±131597.20.019**
Translation, ribosomal structure and
biogenesis

1301982±66153.5 1344664.6±47191.1 1160419.5±100831.40.002**

Lipid transport and metabolism 1206223.8±72042.6 1101692.2±73651.1 915392.6±157000.6 0.001**
Posttranslational modification, protein
turnover

1050106.8±77086.9 1093560.5±29778.8 915481±137360.9 0.012**

Coenzyme transport and metabolism 1073806.2±62419.2 1086196.8±43176.4 869490.5±116424.1 0.000**
Secondary metabolites biosynthesis,
transport and catabolism

689507.2±54717.2 604978.6±45849.2 515565±104471.65 0.003**

Nucleotide transport and metabolism 603415.3±30170.3 606498.6±23482.8 508177.6±39370.8 0.000**
Intracellular trafficking, secretion, and
vesicular transport

537396±63154.4 596019.2±41039.5 501255±90025.5 0.081

Defense mechanisms 568486±63298.95 587746.8±28131.8 460686.3±52408.5 0.001**
Cell motility 354935.2±50017.4 418557.2±34696.3 349513±63870.7 0.060
Cell cycle control, cell division,
chromosome partitioning

248219.3±8540.1 256330.6±10094.2 221646.2±20168.9 0.002**

RNA processing and modification 15313.8±1803.7 14234.6±1124.5 10122.8±2365.9 0.000**
Chromatin structure and dynamics 12625.6±1368.4 13349±445.5 10521±2049.6 0.011**
Cytoskeleton 4539.8±903.2 5484.8±723.7 5335.5±1080.1 0.191
Extracellular structures 17±11.5 12.5±6.1 19.1±12.7 0.584
Note Mean values (means ± SD, n=6) , Significant levels are indicated at the *P < 0.05; **P < 0.01.

Using FUNGuild software to analyse soil fungal community functions under different land-use patterns, it
can be seen from Figure 9B that the fungal community functions in the three land patterns are:
ectomycorrhizal; animal pathogen; endophyte; dung saprotroph; plant pathogen; arbuscular mycorrhizal; 
fungal parasite; endomycorrhizal-plant pathogen; bryophyte parasite-ectomycorrhizal; and
clavicipitaceous endophyte-plant pathogen. As seen from Table 4, there are signi�cant differences in the
functions of the �ve communities in terms of ectomycorrhizal, animal pathogen, endophyte, dung
saprotroph, and fungal parasite. After the grassland was transformed into forest, the ectomycorrhizal
functional group increased signi�cantly. After the grassland was transformed into plough, the functional
groups of animal pathogens, endoparasites, and faecal saprophytic organisms increased signi�cantly.

Table 4 Functional categories of soil fungal communities in different land use patterns
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Functional categories Grassland Forest Grassland p

Ectomycorrhizal 46.3±52.8 25381.6±5074.5647.5±271.8 0.000**
Animal Pathogen 414.6±286.6337.5±281.2 3374.1±2621.50.005**
Endophyte 430.6±447.8425.6±287.2 2532.5±772.1 0.000**
Dung Saprotroph 56.3±92.4 28±20.1 3004.6±2592.90.005**
Plant Pathogen 320.5±279.370.3±40.2 1822.1±2106.10.054
Arbuscular Mycorrhizal 603.8±622.720.33±31.15 725.8±708.1 0.088
Fungal Parasite 209.6±312.453.1±53.6 378.8±148.1 0.043*
Endomycorrhizal-Plant Pathogen 271±387.9 40.8±30.2 27±14.8 0.142
Bryophyte Parasite-Ectomycorrhizal 6.5±9.4 1±1.09 0±0 0.122
Clavicipitaceous Endophyte-Plant Pathogen0±0 0±0 1.66±4.8 0.391

Redundancy analysis of soil bacterial and fungal communities and physicochemical properties in
different land-use patterns

The relationship between soil physical and chemical properties and the community composition of
bacteria and fungi at the OTU level was analysed using CCA, and the results are shown in Figure 10. The
�rst sequence axis of bacteria explained 29.61% of all information, and the second sequence axis
explained 21.07% of all information. pH is the main factor affecting the composition of grassland
bacterial communities, and soil nutrients such as O3

--N, TP, AP, and NH4
+-N are the main factors affecting

the composition of bacterial communities in forests and ploughs. The �rst sequence axis of fungi
explained 15.93% of all information, and the second sequence axis of fungi explained 14.41% of all
information. pH is the main factor affecting the composition of grassland fungal communities, MC is the
main factor affecting the composition of forest fungal communities, and NO3

--N, TP and AP are the main
factors affecting the composition of plough fungal communities.

Discussion
Impact of land use on soil bacterial and fungal community diversity

The results of this study show that different land-use patterns signi�cantly change the soil bacterial Ace
and Chao1 indexes. Compared with grasslands, the soil bacterial richness indexes of plough and forests
increased signi�cantly, but the Shannon and Simpson indexes did not change (Table 2), indicating that
after the grassland was changed to forest and plough, the soil bacterial community richness increased
signi�cantly, while its uniformity did not change. Compared with the bacteria, the Shannon, Simpson, Ace,
and Chao1 indexes of the three land-use soil fungi were signi�cantly different. After the grassland was
converted to forest and plough, the diversity of the soil fungal community increased signi�cantly (Table
2). This result may be due to the increase in soil fungal diversity after conversion to forest due to
abundant litter. This result is consistent with previous research, where afforestation often stimulates the
growth of soil fungal communities[15], while soil bacteria appear to be less sensitive to land use[16, 17].
According to research reports, bacterial community structure, diversity and biomass are more resistant
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than those of fungi[18]. This difference may be because bacteria can produce a wider range of
metabolites to adapt to the new environment. In contrast, fungi depend to a large extent on the presence
of their hosts[19], so the structure and diversity of fungal communities have more dramatic changes
based on land use.

Effects of land-use patterns on soil bacterial community composition

At the gate level, the dominant phyla in the three types of soil are Proteobacteria, Acidobacteria, and
Actinomyces, which can account for more than 80% of the total bacterial community in each soil sample.
The community structure results are consistent[20, 21]. However, this study also found that when the
grassland was changed to forest and plough, the abundance of its dominant bacteria changed
signi�cantly.

This study found that the relative abundance of grassland soil actinomycetes was the highest. After
conversion to forest and plough, the soil actinomycete content decreased signi�cantly. Several studies
have shown that actinomycetes are the most widely distributed in the four herbaceous vegetation soils,
and their relative abundance is signi�cantly higher than that of forests and ploughs; actinomycetes are
the dominant mycophytes in grassland soils[22, 23]. Actinomyces can degrade cellulose and chitin, which
is the main source of the soil nutrient supply. It can decompose more di�cult-to-decompose organic
carbon by in�ltrating its hyphae into large plant tissues, and the spores produced can resist unfavourable
external environmental conditions and are considered to be dominant in harsh and stressful soil
conditions[24]. The relative abundance of Proteobacteria was lowest in grassland soils. Liu et al.[25] found
that the relative abundance of Proteobacteria may be controlled by the difference in soil nutrients. Soil
total phosphorus is the main factor affecting the distribution of Proteobacteria, with an interpretation rate
as high as 85.3%. Other studies have found that Proteobacteria are relatively abundant in nutrient-rich
soils but also relatively abundant in soil that are nutritionally poor[26]. The relative abundance of
Planctomycetes was highest in grasslands. Fei et al.[27] found that there was a signi�cant positive
correlation between �oating mould and soil total nitrogen content. The total nitrogen content of
grassland was the highest among the three land patterns in this study, making the relative abundance of
�oating mould the highest in grassland soil. Fu et al.[27] found that the �oating fungus phylum occupied
a certain proportion in the bacterial community in the green space of the �fth ring road in Beijing,
re�ecting the alkaline and nutrient-poor soils in the study area, and the soil biological activity was low.

The results of this study indicate that the relative abundance of Acidobacteria was the highest after the
grassland was transformed into forest land, and it became the dominant bacteria in soil. Acidobacteria
can grow on the medium using plant polymer as a substrate, indicating that Acidobacteria play an
important role in the degradation of plant residues and degradation of forest litter[29]. Pankratov et al.[30]

found that although the Acidobacteria degradation function is not as good as other known cellulose-
degrading bacteria, it has strong resistance to stress and can survive in cold northern soils, which plays
an important role in cellulose degradation under these conditions. Based on this study, there is less litter
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content in the grassland and plough patterns, and the forest litter content is signi�cantly higher than that
in forest land and grassland. Therefore, the content of insoluble matter in litter is also high. As a result,
they are more susceptible to litter composition, making Acidobacteria more abundant in forests. Maestre
et al.[31] found, in Northeast China, that the abundance of Acidobacteria decreased in the order of the
soils of Yanji, Siping, and Tongliao, which may be the result of increased soil drought. In this study, the
water content was the highest in forest, which may also be the cause of the increase in soil acid bacilli.
Therefore, it can be concluded that the abundance of Acidobacteria is mainly related to the composition
and content of litter, which is considered to be related to soil moisture content.

After the grassland was transformed into plough, the soil actinomycete content decreased signi�cantly.
Clegg et al.[32] found that the addition of inorganic nitrogen reduced the abundance of actinomycetes
compared with the non-fertilized grassland soil. In this study, due to the application of chemical fertilizers
throughout the year, the soil NO3

--N content increased, the soil structure changed, and the relative
abundance of soil actinomycetes decreased. Therefore, it can be concluded that the main reason for the
decrease in the relative abundance of actinomycetes after grassland conversion to plough may be due to
the increase in soil nutrient content in plough. After the grassland was transformed into plough, the
relative abundance of Proteobacteria signi�cantly increased and became the dominant Mycoplasma in
plough. Numerous studies have shown that the relative abundance of Proteobacteria in plough soils
makes it the dominant phylum[33, 34]. When substrates with high resource availability exist in the soil,
Proteobacteria are more abundant in the soil[35]. Li et al.[36] found that Proteobacteria was the main group
of saline-alkali soils. The soil in this study was alkaline, and it was also veri�ed that Proteobacteria was
the main dominant community in alkaline soil. Michael et al.[37] found that a dominant phylum was
transformed from an actinomycete to a proteobacterium after conversion from a pasture to a plough.
Pascault et al.[38] found that Proteobacteria had the fastest decomposition rate of beans in plough,
indicating that Proteobacteria had a good effect on the degradation of crop residues. Plough soil
Proteobacteria were the most abundant in this study, which shows that it plays an important role in the
crop decomposition process. After the grassland was converted to plough, Gemmatimonadetes
increased. Several studies have shown that Bacillus has a relatively high abundance in plough soils[39].
Gemmatimonadetes is an alkalophilic microorganism and can produce spores, which can resist
dehydration and adapt to drought and extreme environmental conditions. Some Gemmatimonadetes
species have strong nitrogen-�xing effects and play an important role in the biological control of the
production and release of plant hormones and soil-derived plant pathogens (such as fungi)[40, 41].
Mahoney et al.[42] found that winter wheat soil bacterial communities were rich in Gemmatimonadetes.
Monreal et al.[43] found rich Gemmatimonadetes communities in rapeseed agricultural soils in Ottawa,
Canada. This result shows that Gemmatimonadetes has a higher abundance in plough soil. Plough is an
arti�cial ecosystem with a monoculture. Due to the effect of external nitrogen application, the available
nitrogen content in the soil is high. Because Gemmatimonadetes has a strong nitrogen-�xing capacity, its
content is highest in ploughs. After the grassland was converted to plough, Bacteroidetes increased.
Bacteroidetes are mainly anaerobic or facultative anaerobic bacteria and can be found in a variety of
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habitats, including soil, sediment and seawater. Li et al.[44] studied the black soil plough in Northeast
China and found that Bacteroidetes were the dominant bacteria in the soil. These �ora were found to be
the most common �ora in plough and forest soil. Turner et al.[45] and Donn et al.[46] also found that the
abundance of Bacteroidetes was higher in the �eld soils of wheat and pea. Gkarmiri et al.[47] and Xiao et
al.[48] found a large number of Bacteroidetes in soils in rapeseed �elds, alfalfa and other plants.
Bergkemper et al.[49] found that the relative abundance of Bacteroidetes was positively related to
available phosphorus, and available phosphorus may be one of the important factors affecting the
bacterial community. In this study, due to the application of chemical fertilizers to the plough land, the
available phosphorus content was the highest, and the relative abundance of Bacteroidetes increased in
the plough soil.

Effects of land-use patterns on the composition of soil fungal communities

Among the three land-use patterns, the soil fungal groups were mainly Ascomycota, Basidiomycota, and
Zygomycota. Ascomycota was the dominant phylum in grassland soil. Cao Hongyu et al.[50] also found
that the grassland soil fungus Ascomycota accounted for the highest abundance, which was mainly due
to the faster evolution rate of Ascomycota, drought resistance and radiation resistance, suitability for
bare sand with a low vegetation canopy and harsh living environments such as land and grassland[51].
Zhang et al.[52] found that Ascomycota was the dominant bacteria in the most primitive grassland, and
its dominant orders are mainly Hypocreales and SoCCAriales. Its abundance in forestland decreases
signi�cantly with increasing age. Most SoCCAriales are saprophytic, usually found on faeces or rotten
plants. In our study area, animal dung was found in grazing grasslands, and animal and human dung in
plough lands are common fertilizers. Therefore, Ascomycetes become the dominant bacteria in
grasslands and ploughs.

After the grassland was transformed into forestland, Basidiomycota increased signi�cantly in the
forestland and became the dominant phylum in the soil. This result is consistent with previous studies.
After 29 years of pine planting in the wasteland, the relative abundance of Basidiomycota increased from
10.9% to 68.7%[24]. During the fungal succession of the Damma glacier fore�eld in central Switzerland, it
was found that the community dominated by Ascomycota became a community dominated by
Basidiomycota[53]. Basidiomycota are the dominant ectomycorrhizal species, which are more abundant in
oak and oak forests. The genera Mycelium and Lactobacillus in Basidiomycota are common mycorrhizal
fungi in forest soils, which can be symbiotic with Pinus sylvestris var. Mongolica and thus account for a
large proportion of soil fungi[54]. Other Basidiomycota �ora, especially white rot fungi, can breakdown
litter with high lignin and aromatic substrates. However, only a small group of fungal groups have the
ability to secrete enzymes that catalyse the degradation of complex macromolecules such as lignin[55],
and they are largely con�ned to the Agaricus species in Basidiomycota[56]. In this study, litterfall
increased signi�cantly after grassland afforestation, requiring more decomposing bacteria, which is also
the reason for the increase in soil Basidiomycota.
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After the grassland was transformed into plough land, the dominant fungal phylum was still
Ascomycetes, but Zygomycota signi�cantly increased. Part of Zygomycota is a saprophytic fungus that
mainly decomposes plant litter and changes soil chemical properties. Angela et al.[56] found that the
majority of Zygomycota in the genus Zygomycota were predominant in Colombia, which is consistent
with this study. Qian et al.[58] found that the relative abundance of soil fungal Zygomycota increased
after grass growing in apple orchards, indicating that grass would affect the relative abundance of soil
Zygophyta. It will convert matter to humus and provide a carbon source to increase soil organic carbon.
Zygomycota are mostly saprophytic, which can make good use of the saprophytic environment.
Zygomycota are also pathogenic bacteria, which can be parasitic when plants are weak, easily causing
postpartum diseases. The study found that the relative abundance of Zygomycota had a signi�cant
positive correlation with the soil nitrate nitrogen content and with the increase in the soil nitrate nitrogen
content. The highest nitrate nitrogen content in ploughs in this study may cause an increase in
Zygomycota. Li et al.[59] found that the relative abundance of Zygomycota in apple �eld and corn �eld
was greater than that in an intercropped �eld, and the relative abundance of soil fungi in different
categories and subgenera was also different, indicating that, due to the differences in crop roots,
residues, secretions, and crop management and maintenance, the method affects the physical and
chemical properties of the soil, and then changes the microbial species composition and its structure.
Although the species composition of soil bacterial communities is similar between different land-use
patterns, the relative abundance of soil bacterial phyla and genera may be different because of different
plant patterns and differences in the form and content of nutrients provided to the soil[60, 61 ].

Effects of land-use patterns on functional changes in soil bacterial and fungal communities

After land-use change, the function of the inherent bacterial community changed due to differences in the
aboveground vegetation community, surface litter composition, decomposition rate, and degree of
interference from human activities. In this study, it was found that except for a small number of three
functions, including intracellular tra�cking, secretion, and vesicular transport, cytoskeleton, and
extracellular structures, there were signi�cant changes in the functions of other bacterial communities
(Table 3). This result shows that the change in land-use patterns has a signi�cant effect on the function
of surface soil bacterial communities. Zhang et al.[62] found that during the transition from secondary
forest to larch plantation, due to soil acidi�cation and a reduction in effective nutrient content, land-use
patterns had a greater impact on soil bacterial communities. We found that after a long-term change in
the original grassland, the bacterial function in the 0-20 cm soil changed, and the bacterial function of the
plough decreased compared with that of the grassland and forest (Table 3). The nutrient conversion and
return and the litter quality and quantity of forest and grassland were higher than those of plough, which
was consistent with the research results of many scholars[63, 64].

After land-use changes, the functional groups of fungal communities changed signi�cantly. The
grassland was transformed into forest Inocybe. The abundance of Inocybe signi�cantly increased. The
species belonged to Basidiomycota and was an ECM fungi. ECM fungi are reported to be most widely
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distributed in trees in northern temperate regions[65]. Because ECM fungi are strongly affected by the host,
their richness is positively related to the proportion of ECM plants and species richness. In northern
temperate deciduous forests, ECM fungi accounted for 34.1% of all taxonomic units, while in grasslands,
they accounted for only 11.9%, which re�ected the lack of host plants in grassland ecosystems[66]. After
the grassland was converted to plough, the relative abundance of Mortierella, Chaetomium and
Microdochium increased signi�cantly, and they were common saprophytic fungi in soil. Liang et al.[67]

studied a vineyard and found that the most abundant fungal genera included Mortierella, Chaetomium
and Microdochium, which may be considered to play a key role in planting soil. Li[68] found that the
inoculation of corn with Mortierella signi�cantly increased soil nutrient transformation, increased the
content of indole acetic acid and abscisic acid in corn roots, and increased the biomass of corn
seedlings. In addition, it had the ability to decompose cellulose, hemicellulose and lignin, increase carbon
nutrients, increase soil organic matter and nutrient content, and dissolve phosphorus in the soil.
Therefore, it has been recognized as a bene�cial soil microorganism by the genus Sporella. Most
microsporum fungi are saprophytic, some species are parasitic or symbiotic, and most are
phytopathogenic[69]. Therefore, the fungal functions of plough soils are mainly saprophytic, parasitic,
animal pathogens, and mycorrhizal.

Effects of soil physical and chemical properties on soil microbial community composition

Land-use and management patterns will change the type of vegetation on the ground and then affect the
physical and chemical properties of the soil[70, 71]. Changes in soil physical and chemical properties will
affect the structure and composition of soil microbial communities. Consistent with most other studies,
pH is an important factor affecting soil microbial community structure. Barka et al.[72] found that there
was a signi�cant positive correlation between Actinomycetes and soil pH. Actinomycetes grew healthily
in soils with a neutral pH and grew fastest between pH 6 and 9. Rousk et al.[73] found that both bacterial
and fungal communities were affected by soil pH, but bacterial communities were more affected by pH
than were fungal communities, which may be due to the relatively narrow optimal pH range for bacterial
growth, while the pH range for fungal growth is very wide. Although soil pH has a direct impact on
microbial community structure, soil pH can also indirectly change microbial communities through other
variables, such as nutrient utilization and organic carbon content.

As an indispensable source of energy and nutrients for microorganisms, SOC plays an important role in
shaping the microbial community and signi�cantly changes the proportion of bacteria and fungi in the
soil[74]. However, the SOC content in this study may not have caused changes in soil microbial
communities. In this study, NO3

--N was the most important factor affecting the soil bacterial and fungal
communities (Figure 10). Nitrogen restrictions are common in most terrestrial ecosystems and often lead
to �erce competition between microorganisms and plants[75]. With the increase in nitrogen availability, the
taxonomic and functional characteristics of soil microbial communities change, including the decrease in
relative abundance of mycorrhizal fungi and the slow growth of bacterial groups. Due to the low soil
nitrogen content and low litter mass in forestland, fungi appear to be the main decomposers of complex
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litter and soil organic matter and have largely affected related bacterial communities and their
activities[76]. Soil moisture is also an important limiting factor that strongly affects soil microbial
communities[77]. In this study, MC plays a key role in soil fungal diversity. Not only can it protect soil
organic matter from decomposition and leaching by combining with aggregates, it can also provide a
larger surface area for the growth of soil microorganisms[78].

In this study, the TP and AP contents of plough and forestland were signi�cantly higher than those of
grassland. The reason may be that the interception of rainwater by the forest canopy makes the surface
runoff smaller, the soil surface organic matter and mineral nutrients are retained, and the loss is less. The
arti�cial fertilization in the plough compensates for the nutrients in the soil. Other studies have shown
that under eutrophic conditions, the limiting effect of phosphorus on the original microbial community
has been greatly reduced, and the metabolic activity of microorganisms has changed, which may change
the species composition of microorganisms[79]. However, the grassland is not supplemented with external
nutrients, and the growth of vegetation has absorbed phosphorus in the soil, which ultimately results in
lower total phosphorus and available phosphorus in the soil. He et al.[80] found that P is the most critical
contributor to differences in fungal communities, and phosphorus in forestland is usually less than that
in managed ecosystems due to fertilization. Therefore, although the exact mechanism is not yet clear, P
may be an important driving force for the construction of soil fungal communities across land-use types.

Conclusions
Our research results show that there is no signi�cant difference in soil bacterial community diversity and
fungal community diversity after grassland changes to forestland. The dominant bacterial phylum
changed from Actinobacteria to Acidobacteria, and the dominant fungal phylum changed from
Ascomycetes to Basidiomycetes. The ECM functional group increased signi�cantly. After the grassland
was changed to plough, there was no signi�cant difference in the diversity of soil bacterial communities,
and the diversity of fungal communities increased signi�cantly. The dominant bacterial phylum changed
from Actinomycetes to Proteobacteria, and the dominant fungal phylum was Ascomycota. The functional
groups of pathogens and parasites increased signi�cantly. Soil pH, MC, NO3--N, TP, AP and other soil
factors are important factors affecting the composition of microbial communities. In the soil of this study
area, the composition of bacterial communities is mainly driven by changes in pH and soil texture, and
the composition of fungal communities is most closely related to changes in soil nutrient utilization.
Changes in land-use patterns have an effect on the structure and diversity of microbial communities by
changing the physical and chemical properties of the soil.

Methods
Overview of research plots

The study site was located in the Meiris District (123°35′E, 47°31′N) of Qiqihar City, western Heilongjiang
Province, with an average elevation of 146 m. It belongs to a moderate-temperate continental monsoon
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climate, with dry and windy springs, hot and rainy summers, and cold winters. It has less snow, an
average temperature of 2.3°C, and an average rainfall of 454 mm. The freezing period is in early
November, and the thawing period is in early May. The three land-use patterns selected in this area are
grassland, with an area of approximately 800 hm2, and the vegetation is mainly Leymus chinensis (Trin.)
Tzvel, and Stipa Baicalensis Roshev. plough, which was cultivated on the grassland 20 years ago, with an
area of approximately 600 hm². The main crops are corn, which is mechanically ploughed once a year.
Stanley corn compound fertilizer (N+P2O5+K2O≧40%) is applied on a per acre basis in spring at 35 kg,

and topdressing is at 15 kg per acre in mid-June. Forest, with an area of approximately 500 hm2, is a
poplar arti�cial pure forest that was planted on grassland 20 years ago as a research plot. The plants
used in the study were formally identi�ed by Song Fuqiang, and documentary specimens of this material
have been stored in the open herbarium.

Sample collection

In August 2018, 6 standard 50 m×50 m plots were selected from three different land-use patterns in
grassland, plough, and forest land. Five-point mixed sampling was used to collect soil samples from a
depth of 0-20 cm. After passing through a 2-mm sieve, a portion of the sample was placed in a 15 mL
centrifuge tube, stored in liquid nitrogen, transferred to the laboratory and stored in a -80℃ refrigerator
for DNA extraction and microbial analysis. The remaining soil samples were used to determine the
physical and chemical properties of the soil after air-drying.

Physical and chemical analyses

Determination of soil moisture content (MC): Place the fresh soil samples into the aluminium box, place
the lid on the aluminium basin, and place it in the oven that has been preheated to 105℃±2℃. Bake in a
constant-temperature drying oven for 8 h, take out the sample and make the weighing calculation. The
soil pH was measured at a soil/water ratio of 1:2.5. Soil organic matter (SOC): The soil organic carbon
content was determined by the vario TOC instrument produced by the German Elementar company. Total
nitrogen (TN): Weigh 0.25 g of soil sample through a 0.149-mm sieve, add 2 g of zinc sulphate and
copper sulphate mixed accelerator and 5 mL of concentrated H2SO4 for digestion. After digestion and

constant volume �ltration, measure with a continuous �ow analyser. Nitrate nitrogen (NO3
--N) and

ammonium nitrogen (NH4
+-N): Weigh 6 g of air-dried soil, add 10 mL of 1 mol·L-1 potassium chloride

solution, shake for 1 h, �lter, and measure with a continuous �ow analyser. Total phosphorus (TP): the
sulfuric acid-perchloric acid solution-molybdenum antimony colorimetric method was used. Available
phosphorus (AP): 0.5 mol·L-1 sodium bicarbonate extraction-molybdenum antimony colorimetric
determination was used. Total potassium (TK) and available potassium (AK) were determined by atomic
absorption spectrometry.

DNA collection and high-throughput sequencing
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Genomic DNA was isolated from 0.5 g of each pooled soil sample from each sample plot (n = 18) with
the PowerSoil DNA Isolation Kit per the manufacturer’s instructions. The extracts of three technical
repeats were mixed into a single DNA sample. Extracted genomic DNA was detected by 1% agarose gel
electrophoresis. PCR was carried out on a GeneAmp 9700 PCR system. Based on previous reports, the
primers 338F (5'-ACTCCTACGGGAGGCAGCA-3')-806R (5'-GGACTACHVGGGTWTCTAAT-3') were used for
the 16S rRNA genes. Ampli�ed products were detected by 2% agarose gel electrophoresis and recovered
from the gel using the AxyPrep DNA gel extraction kit, washed with Tris-HCl, and veri�ed by 2% agarose
gel electrophoresis. PCR products were quanti�ed using the QuantiFluorTM-ST �uorometer, and the
samples were adjusted as needed for sequencing. Sequencing was conducted by Shanghai Majorbio Bio-
pharm Technology (Shanghai, China) using an Illumina MiSeq platform.

Processing of sequencing data

The raw sequence �les were analysed and quality-�ltered using QIIME (version 1.9.1) with the following
criteria: (i) the 250-bp reads were truncated at any site receiving an average quality score of b20 over a
50-bp sliding window; (ii) the exact barcode matching two nucleotide mismatches in primer matching
reads containing ambiguous characters were removed; and (iii) only sequences with N10 bp overlap were
assembled according to their overlap sequence. Reads that could not be assembled were discarded. The
chimeric sequences were identi�ed and removed using UCHIME software. The operational taxonomic
units (OTUs) with a 97% similarity cut-off were clustered using UPARSE software. The representative
sequence of each OTU was taxonomically classi�ed by the Ribosomal Database Project (RDP) classi�er
against the SILVA (SSU123) database for 16S rRNA and the UNITE database for ITS rRNA using a
con�dence threshold of 70%. The sequencing depth of the soil bacteria and fungi in all samples was
N98%, indicating that they were reliable sequencing results.

Statistical analyses

Mothur software was used to calculate the community richness parameters (Chao1, Ace index) and
community diversity parameters (Simpson, Shannon index) as part of the alpha diversity analysis. PCoA
and h-cluster analysis are based on the Bray-Curtis matrix and were implemented using R software. The
bioenv method was used to test the soil environmental factors, and the environmental factors with
signi�cant differences were selected for CCA. One-way analysis of variance (ANOVA) was used to
analyse the differences in the diversity of both soil bacterial and fungal communities among the plough,
grassland, and forest sites. Tukey's HSD (honestly signi�cant difference) test was used for multiple
comparisons when the homogeneity of variance test was successful, and signi�cance was observed at P
= 0.05. Stepwise regressions were performed to identify the best independent soil factors affecting soil
bacterial and fungal diversity. One-way ANOVA, Tukey's HSD test and stepwise regressions were
conducted using SPSS 16.0. The functions of bacteria and fungi were analysed using PICRUSt and
FUNGuild function prediction software, respectively.

Abbreviations
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MC moisture content MBC micro biomass carbon; MBN: microbiomass nitrogen: SOC: soil organic
carbon: TN: total nitrogen; NH4

+-N: Ammonium nitrogen; NO3 -N: Nitrate nitrogen; TP: total phosphorus;
AP: available phosphorus; TK: total potassium; AK: available potassium.
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Figures

Figure 1

OTU Venn analyses of the soil bacterial (A) and fungal (B) community in the three land use patterns.
Note: in the �gure above, different colors represent different groups, the Numbers of overlapping parts
represent the number of species that are common to multiple groups, and the Numbers of non-
overlapping parts represent the number of species that are unique to each group.In the �gure below, the
abscissa is the number of common or unique groups, and the length of the horizontal column above
represents the corresponding number of species
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Figure 2

soil bacterial community clustering tree (A) and PCoA diagram (B) and fungal community clustering tree
(C) and PCoA diagram (D) in different land use patterns Note: the length of the branches in the
community clustering tree represents the distance between the samples. Different groups can be
presented in different colors. The X axis and Y axis in the PCoA diagram represent the two selected main
coordinate axes, and the percentage represents the interpretation value of the main coordinate axis to the
difference in sample composition; Color or shape points represent samples of different groups, the closer
the two sample points are, the more similar the species composition of the two samples
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Figure 3

Community structure composition at the level of bacterial phylum at different land uses patterns Note: A
general; B grassland; C plough; D forest, and the gate abundance is less than 1% and merged into other.
The same below.
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Figure 4

Community structure composition at the level of fungal phylum at different land uses patterns
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Figure 5

Differences in the level abundance of bacterial phylums in different land use patterns Note: The Y axis
represents the name of a species at a certain taxonomic level, the X axis represents the average relative
abundance of different groups of species, and the columns of different colors represent different groups;
the far right is the P value, * 0.01 <P ≤ 0.05, ** 0.001 <P ≤ 0.01, *** P ≤ 0.001. The same below.
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Figure 6

Differences in the level abundance of fungal in different land use patterns
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Figure 7

Differences in taxonomic abundance of bacterial communities in different land use patterns
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Figure 8

Differences in taxonomic abundance of fungal communities in different land use patterns
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Figure 9

Community functions of soil bacteria (A) and fungal (B) under different land use patterns Note: The
abscissa is the sample name, and the ordinate is the functional abundance. The color gradient of the
color block is used to show the changes in the abundance of different functions in the sample



Page 33/33

Figure 10

CCA analysis of soil bacterial (A) and fungal (B) community structure and soil physical and chemical
properties Note: Arrows indicate the direction and magnitude of the environmental parameters associated
with bacterial and fungal community structures, respectively. MC moisture content MBC micro biomass
carbon; MBN: microbiomass nitrogen: SOC: soil organic carbon: TN: total nitrogen; TP: total phosphorus;
AP: available phosphorus; TK: total potassium; AK: available potassium


