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Abstract
Background

Soil microorganisms play an indispensable role in the material and energy cycle of grassland ecosystem,
and were affected by many environmental factors, such as time and space changes. However, there are
few studies on the temporal and spatial transformation of soil microbial community in typical degraded
steppe. We analyzed the community structure and diversity of soil bacteria and fungi and the effects of
environmental factors on the community structure in Xilingol degraded steppe.

Results

The abundance and diversity of bacteria and fungi were signi�cantly affected by depth. Bacteria and
fungi diversity of 10 cm was higher than that of 20 cm and 30 cm. The abundance of Acidobacteria,
Proteobacteria, Actinomycetes, Ascomycetes and Basidiomycetes varies signi�cantly with depth. What’s
more, soil pH increased signi�cantly with depth increasing, while SOM, AN, VWC and ST decreased
signi�cantly with increasing depth. In addition, Depth, TOC and AN had signi�cant impact on the bacterial
and fungi communities (p < 0.05).

Conclusions

Spatial heterogeneity (depth) is more important than temporal (month) in predicting changes in microbial
community composition and soil properties. And the abundance of Acidobacteria, Proteobacteria,
Actinomycetes, Ascomycetes and Basidiomycetes varies signi�cantly with depth. We speculate that SOM
and VWC account for the abundance variations of Acidobacteria and Proteobacteria, and pH cause the
abundance changes of Actinomycetes, Ascomycetes and Basidiomycota.

1. Introduction
The grassland covering approximately 25% of the earth’s terrestrial area, and plays an important role in
the global material cycle and energy exchange (Foley et al. 2011,). Inner Mongolia grassland is the typical
arid and semi-arid steppe which is located in the eastern of the Eurasian steppe, and is the representative
of Eurasian steppe in terms of climate, terrain, soil properties, and vegetation composition. Meanwhile,
Inner Mongolia grassland also has the unique history of land use and management policy (Wu et al.
2015). In grassland ecosystem, soil is the important place for material and energy exchange, and has a
strong in�uence on the diversity of microorganisms as the medium for microorganisms’ survival.
Microorganisms in soil stay in an indispensable position during the process of organics decomposing
and the regulation of C (Bardgett et al. 2008), N (Bahram et al. 2018), P (Handa et al. 2014), S (Kowalchuk
et al. 2001). Soil fungal communities are highly sensitive to soil water content, nitrate, and organic matter
content (Wang et al. 2018), while bacterial diversity and community differences are strongly correlated to
soil pH (Gri�ths et al. 2011). Microbes have the general symbiotic relationship with soil and plants. They
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help plants to absorb nutrients (such as C, N, P and other) that restrict the growth of plants (Der Heijden et
al. 2008), and ingest nutrients from plant secretions and litters (Zhalnina et al. 2018).

Due to the nonuniform distribution of effective nutrients and plant roots in soil, soil microbial
communities have different biogeographic distributions (Eilers et al. 2012). Soil microorganisms respond
signi�cant differently to environmental factors (soil physical & chemical properties and plant community
changes) at different depths (0-10 cm and 10-20 cm). Also, from the research of a multi-scale spatial
assessment of soil bacterial community across the UK, a signi�cant correlation between bacterial
community and spatial distance was found out (Gri�ths et al. 2011). While, in wetlands (Wang et al.
2010) and fallow farmlands (Ko et al. 2017), the size, activity, and diversity of microbes will decrease
when soil depth increases. But the researches on grassland soil microorganisms mostly focused on the
�xed depth of the surface layer (0-10/20 cm) (Leff et al. 2015; Na et al. 2019), and a few studies on the
depths of the surface layer.

Soil microorganisms will be different when plant phenology changed, which is in�uenced by the climate
and ecosystem. In temperate forest soils, the relative abundance of Actinomycetes will increase obviously
in winter, but the relative abundance of Acinetobacter and Proteobacteria will decrease (Santalahti et al.
2016). It is widely concerned in recent years about the changes of soil microbial communities during the
vegetation growing season. In crops root microbial communities have been varied throughout the whole
life cycle (Shi et al. 2015; Zhang et al. 2018), and they tend to deviate gradually from the soil microbiome
and enrich microbial speci�c groups. Oppositely, the microbial community in desert steppe has remained
relatively stable over the course of the year. However, in Eurasian grassland, the soil temperature and
water content are very variable between seasons, which would lead to the instability of plant litter and
secretions, and affects the soil carbon input ultimately (Bardgett et al. 2005). Also soil organic carbon is
the most important factor in driving the spatial distribution of microbial communities. When roots grow in
summer, the effectiveness of soil carbon sources will also increase, while the effectiveness of carbon
sources drop when roots activities stop in autumn. As a result, the rapidly growing microbial populations
(which prefer to use direct carbon sources) have to slowed down their growth rate, which ultimately affect
the structure of microbial population (Barboza et al. 2018).

Our research was conducted on the representative area of Eurasian Steppes in Inner Mongolia, China.
Contrastively analyzed were performed on soil bacterial and fungal community structure, diversity, and
the impact of environmental factors on the community structure. Those analyses were to explore and
answer the questions as follows: (1) what are the composition of soil bacterial and fungal communities
in this area? (2) what or how did time(months) and soil depth affect the structure of soil bacterial and
fungal communities? (3) How is the relationship between other environmental factors and soil bacterial /
fungal communities?

2. Materials And Methods

2.1 Study site and soil sampling
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The experiment site is located in Erlitu Ranch of Zhengxiangbai Banner, XilinGol, Inner Mongolia, China
(42°9' 14” N, 115°14' 39” E). Soil samples were collected every month from June to October in 2018
(represented by May, Jun, Jul, Aug, Sep ). Each sample of 0-10 cm, 10-20 cm, and 20-30 cm depth
(represented by 10, 20, and 30) was collected in the shape of "S" with a soil drill of 8cm in diameter. A
total of six points were selected for soil collecting, and mixed into composite samples. After removing the
animal / plant residues and other impurities like gravels by sieving (2 mm). Each composite sample was
then divided into 3 subsamples as repeats for further DNA extraction (store in -80℃) and other soil
properties analysis (store in -20℃).

2.2 Soil property measurements
Air-dried soil was used to measure soil properties at 0-10 cm, 10-20 cm and 20-30 cm depths, such as pH
(soil-water ratio 1:5) and soil organic matter (SOM, potassium dichromate external heating method) (Bao.
2000). While other properties of soil like NH4

+ and NO3  concentrations (reagent kit method) were
measured using fresh soil. Soil temperature (ST) and volume water content (VWC) were observed
automatically by in suit CS650 30 cm soil moisture and temperature sensor (Campbell Scienti�c Inc.,
Logo, UT, USA, http://www.campbellsci.com).

2.3 DNA extraction, PCR ampli�cation and sequencing 
The total DNA of soil microorganisms was extracted from 0.5 g soil samples using DNeasy PowerSoil Kit
(Qiagen Benelux B.V., Venlo, The Netherlands), and each soil sample has three parallels. DNA
concentration and quality were assessed by ultramicro nucleic acid quanti�er, and DNA integrity was
checked using 1% agarose gel electrophoresis.

Primers used in PCR were universal primers of bacterial 16S rRNA V3-V4 hypervariable region and fungal
ITS1 region, which were based on Hiseq sequencing platform (Illumina Int., San Diego, CA, USA). Bacterial
primer sequences are 338F (5'-ACTCCTACGGGAGGCAGCA-3 ') and 806R (5'-GGACTACHVGGGTWTCTAAT-
3'); and fungal primer sequences are ITS1-F (5'-CTTGGTCATTTAGAGGAAGTAA-3 ') and ITS2R (5'-
GCTGCGTTCTTCATCGATGC-3 '). The hot-start PCR reaction mixtures contained genomic DNA 40-60 ng,
PCR buffer 15 µL, dNTP (10 mmol / L) 1 µL, upstream primer (10 µM) 1.5 µL, downstream primer (10 µM)
1.5 µL, Q5 high-�delity DNA polymerase 0.2 µL, High GC Enhancer 10 µL, and ddH2O to a �nal 50 µL.
After mixing homogeneously the reaction system as above, the PCR program was carried out according
to the following program. Pre-denaturation at 95 °C for 5 min, 15 cycles of denaturation at 95 °C for 1
min, annealing at 50 °C for 1 min, extension at 72 °C for 1 min, and a �nal extension at 72 °C for 7 min.
PCR products were detected by electrophoresis with agarose 1% gels, followed by high-throughput
sequencing and analysis, which were based on the Illumina HiSeq 2500 platform (Illumina Int., San
Diego, CA, USA).

http://www.campbellsci.com/
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FLASH v1.2.7 (Magoč and Salzberg. 2011), Trimmomatic v0.33 (Bolger et al. 2014), and UCHIME v4.2
(Edgar et al. 2011) were used to control the quality of data and the effect of splicing to obtain Effective
Tags. QIIME v1.8.0 (Caporaso et al. 2010) was used to cluster the obtained Effective Tags at a similarity
level of 97%, and obtain OUT (Operational Taxonomic Units). The representative sequences of OTU are
compared with the microbial reference database to obtain the classi�cation information for each species
corresponding to each OTU, and then the composition of each sample community was counted at each
level (phylum, class, order, family, genus, species). And the taxonomic annotation was taken for OTU
basing on Silva (for bacteria) and UNITE (for fungal) taxonomy database.

2.4 Statistical analysis
R (Mass Package) was used to carry out a general linear mixed model (GLMM). With month and depth as
�xed factors and sampling point as random factors, the variation rules of soil physical and chemical
properties, microbial abundance, uniformity and diversity with month and depth were analyzed. At the
same time, we conducted multivariate analysis of variance with SPSS software to explore the effects of
month, depth and their interaction on soil and microorganisms and their signi�cance.

Alpha diversity was analyzed after the taxonomic annotation of OTU using Mothur (Schloss et al. 2009),

and the Shannon-Wiener Index

S is the total number of species, Pi is the proportion of individuals of this species to the total number of
individuals) was used to measure species. Beta diversity analysis was used to compare the similarity of
species diversity among different groups. Among them, Principal coordinates analysis (PCoA) used
dimensionality reduction thinking to observe the differences in microbial community composition
between groups (Anderson and Willis. 2003). And analysis of similarities (Anosim) can test the
signi�cance of difference of beta diversity between samples of different groups. All these were analyzed
and drew by the vegan package of R language (Anderson and Walsh. 2013; Team RC. 2014).

Another analysis used in this study is signi�cance analysis of differences between groups. The LEfSe
(Linear Discriminant Analysis (LDA) effect size) component of LEfSe software was used to analyzing the
differences for the composition and abundance of soil bacterial and fungal communities under different
treatments (Segata. 2011). And drawing on the LefSe website (http://huttenhower.org/galaxy/). LDA
score of 2.0 indicates a signi�cant difference, and a score of 4.0 indicates a very signi�cant difference. In
addition, structural equation modeling (SEM) was used to assess the potential correlation between
various environmental factors and soil bacterial and fungal community structure. This model aimed to
explore the direct and indirect effects of each treatment on soil microorganisms when multiple
environmental factors are considered simultaneously. And the relationship between bacterial fungi and
environmental factors was analyzed using software IBM SPSS Amos 24.0 (Chicago, IL: Amos
Development Corporation) (Lefcheck. 2016).
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3. Results

3.1 Variation of soil physicochemical properties

Our results showed that soil pH and NH4
+ increased signi�cantly with month, while VWC reached the

maximum in August and September, and ST reached the maximum in July (p < 0.05, Table S1). Soil pH
and NO3

- increased signi�cantly with soil depth, while the other soil properties decreased signi�cantly
with soil depth (p < 0.05, Table S1). Moreover, month had signi�cant effects on soil characteristics
(except SOM) and bacterial abundance and evenness, but had insigni�cant effects on bacterial diversity
and fungal abundance, evenness and diversity. In addition, all indicators are signi�cantly affected by
depth (Table S2). The results of multivariate analysis of variance showed that the soil physical and
chemical indexes (except NO3

-) were also signi�cantly affected by the interaction of month and depth (p
< 0.05, Table 1).

3.2 Variation in bacterial and fungal community richness
The bacterial communities of all soil samples were mainly Actinomycetes, Proteobacteria, Acidobacteria,
Chloro�exi, Verrucobacteria, and Bacillus (95%). The fungal community was dominated by
Basidiomycota, Ascomycota and Mortierella (85%)( Table S3). According to GLMM analysis results,
bacterial abundance, diversity, and fungal abundance, evenness, and diversity all decreased signi�cantly
with the increase of depth, while bacterial evenness and fungal diversity increased signi�cantly with
month (Table S1). Our results showed that the changes in the abundance of phyla of bacteria and fungi
were signi�cantly affected by depth and month (Table 2). The abundance of Actinobacteri,
Verrucomicrobia, Gmatimonadetes, Ascomycota, Basidiomycota and Mortierellomycota increased
signi�cantly with the increase of depth. While the abundance of Proteobacteria, Acidobacteria and
Chloro�exi decreased signi�cantly with the increase of depth (Table S3). In addition, the abundance of
Ascomycota increased signi�cantly with the increase of month, while the abundance of Verrucomicrobia,
Gmatimonadetes, Basidiomycota and Mortierellomycota decreased signi�cantly with the increase of
month (Table S4).

3.3 Bate diversity of bacterial and fungal community
According to PCoA results, the bacterial and fungal community compositions of 10 cm were clearly
different from that of 20 cm and 30 cm soil layers (Figure 1A-B). As shown in Figure 1C-D, the bacterial
community composition in August was quite different from other months, and the community
composition in August and September was more specially. Moreover, according to ANOSIM 's analysis,
soil fungi were not well grouped by depth and month, and soil bacteria were not well grouped by month
either (Figure 1B-D, Supplementary Figure 1).
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3.4 Taxonomic composition
With the increase of soil depth (without considering the month factor), the abundance of Actinomycetes,
Thermoleophilia, MB_A2_108, and some other bacteria were signi�cantly increased, while the abundance
of Acidobacteria, Proteobacteria, Rhizobiales, and Alphaproteobacteria were decreased (Figure 2A).
Similarly, the abundance of Ascomycetes, Basidiomycetes, Agaricomycetes and some other fungi
increased signi�cantly with the increase of soil depth, while the abundance of Dothideomycetes,
Hypocreales, Pleosporales and other fungi was signi�cantly reduced (Figure 2B).

If soil depth wasn’t considered when the abundance of soil bacteria and fungi in different months were
analyzed contrastively, the month did not have a signi�cant effect on bacteria’s abundance (Figure 2C).
As compared with bacteria, the abundance of soil fungi was impacted more greatly by month. As shown
in Figure 2D, the abundances of Mortierellomycetes and Phaeosphaeriaceae (belonging to Ascomycota)
increased signi�cantly in September; the abundances of Cantharellus and Ceratobasidiaceac (all
belonging to Basidiomycetes) were highest in May; the abundance of Hypocreales (belonging to
Ascomycota) increased in June, and the abundance of Fusarium (also belonging to Ascomycota)
increased in August.

3.5 Factors driving bacterial and fungal communities composition
Through Pearson correlation analysis (p < 0.05), we found that month and depth were signi�cantly
correlated with bacteria and fungi respectively (Figure 3). TOC and VWC were signi�cantly related to the
bacterial community, while TOC and ST were signi�cantly related to fungal aggregation (p < 0.05, Figure
3). We build a SEM model, which was based on the correlation analysis (Figure 4). The result showed that
month, depth, pH, TOC and AN had signi�cant impact on the bacterial communities (p < 0.05, Figure 4A).
As shown in Figure 4B, TOC and AN had directly positive effects on fungi, soil depth and ST in�uenced
fungi negatively (R2=0.35). The month weakened positive effect of AN on fungal communities and
enhanced the negative effect of ST on fungal communities by its negative effect on AN and ST (Figure
4B).

4. Discussion
This study took typical degraded grassland in Inner Mongolia as the basis for multiple sampling at �xed
point. Month and depth were used to represented time and space. The variation of pH, VWC and ST with
were analyzed to understand the soil physicochemistry and nutrients characteristics variated as time and
space changed. Meanwhile, the next generation sequencing technology was used to investigate the
changes of microbial diversity and the driving factors of microbial community structure transformation
with temporal and spatial variation. Our results provide strong evidence that spatial heterogeneity (depth)
is more important than temporal (month) in predicting changes in microbial α-diversity and β-diversity.
Variation in microbial community composition was driven by changing environmental factors in their
habitat. Considering that soil microbial community composition was related to community function
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(Fierer et al. 2012), temporal and spatial changes mainly interfered with the ecological function of soil
microbial community, rather than the stability of grassland soil ecosystem.

4.1 Vertical spatial variation of microbial communities and soil properties

Our results indicate that all measured soil physicochemical indices are signi�cantly affected by depth.
Soil pH increased signi�cantly with depth increasing, while ST, VWC, SOM and AN decreased signi�cantly
with increasing depth. This may because the top soil layer (0-10 cm) was seriously in�uenced by external
environment conditions. In particular, in Inner Mongolia, grasslands had been in�uenced by human
activities like grazing and mowing for very long time, which resulted in the decline of the productivity and
diversity of grassland vegetation (Xun et al. 2018). Furthermore, human activities also resulted in the
increased bare area, the aggravated erosion and coarseness of surface soil, and reduced nutrient content
(Fierer et al. 2009). Relatively, the environment of the deeper layer (20-30cm) is stable. However, as
increasing of soil depth, the distribution of plant roots decreased, and the plant litter and secretions
decreased. It may lead to a lower soil nutrient content than the surface layer (Truongand and Marschner.
2018). As soil bulk density increases, porosity and oxygen content decrease, which is not conducive to
the survival of microorganisms and inhibits the activities of enzymes involved in decomposition (Bagheri
et al. 2013; Holt. 1997). And leads to the decrease of soil carbon and nitrogen availability (Wang et al.
2014). According to our results, most of the soil physical and chemical indexes was signi�cantly affected
by the month, but each index varies without rule between months, which requires further study and
discussion.

We found that both soil characteristics and microbial community structure were more signi�cantly
correlated with soil depth than with time variations. It was consistent with previous �ndings, which
con�rm the importance of spatial heterogeneity (Fierer et al. 2006; Lauber et al. 2013), and can vary even
on the scale of meters or even centimeters (O’Brien et al. 2016). Some studies have found that microbial
community structure and abundance respond to changes in environmental factors to the same degree
(Bell et al. 2014; Na et al. 2019), but some studies have shown that community composition is more
sensitive than community diversity (Fierer et al. 2006). However, in our study was no found that response
differences in community composition and diversity. Instead, it was found that bacterial abundance and
evenness were signi�cantly affected by both soil depth and month, while the abundance, evenness and
diversity of fungi were only signi�cantly affected by depth. We speculate that the response difference
between bacteria and fungi is due to their own factors. Because bacteria are more susceptible to local
changes in soil properties (Sorensen et al. 2013), while the evolutionary life history of fungi enables them
to form hyphae structures and highly resistant spores that are able to withstand sudden environmental
changes (Sun et al. 2017). In addition, the individual size of fungi is usually larger than that of the
bacterial members of the community, which results in transmission limitations severely (Young. 2006;
Schmidt et al. 2014). It is also worth noting that the interaction between month and depth weakened the
effect of depth on microbial community, and only had a signi�cant effect on fungal diversity. This
indicates that the results of single factor and multi-factor in�uence are quite different and unpredictable.
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Therefore, future research on microbial ecology should set up as many control factors as possible to
understand more really changes of microorganisms.

4.2 Driving factors of soil microbial community structure

Changes of soil properties had the potential impacts on variation of soil microorganisms in the vertical
section. According to our results of LEfSe analysis, Acidobacteria and Proteobacteria were enriched in the
top layer (0-10 cm), while Actinomycetes, Ascomycetes and Basidiomycetes had the high abundance in
deeper layer (20-30 cm) (Figure 3). Simultaneously, VWC and SOM gradually reduced as depth increasing,
in the opposite pH increased gradually (Table S1). Therefore, the variation of VWC and SOM explained
here the abundance changes of Acidobacteria and Proteobacteria, and the variation of pH explained the
abundance changes of Actinomycetes, Ascomycetes, and Basidiomycetes. Studies had shown that
changes in soil fungal communities are signi�cantly correlated with soil moisture and pH (Zheng et al.
2009), and pH is the main driving force for formation of soil microbial communities (Wang et al. 2014).
On the other hand, different microbial communities have different utilization of nutrients. Compared with
fungi and actinomycetes, bacteria use smaller organic matter molecules, while fungi and actinomycetes
can decompose substrates with relatively large molecules by producing lignin degrading enzymes
(Bonanomi et al. 2017; Bonanomi et al. 2017). This may also be the reason why the fungal diversity in the
soil layer of 30cm was greater than that of 10cm in the analysis of α diversity.

We also found that the temperature is highest in July and August, and the soil moisture content is highest
in June and July. Soil pH is alkaline, NO3

-, NH4
+ content is limited. The contents of NH4

+ and NO3
- are the

minimum in August, and the pH is the highest in August. According to the analysis of in�uencing factors,
month has a direct and signi�cant positive effect on bacteria, and promotes its signi�cant positive effect
on bacteria by indirectly affecting pH and VWC. However, from the perspective of taxonomic composition,
this effect did not signi�cantly affect the species abundance of the community. Indicating that the
composition of soil bacterial community was relatively stable during the whole plant growing season.
However, month has no direct effect on fungi, but indirectly affects fungi through AN and ST. This indirect
effect causes signi�cant changes in species abundance of fungal community. In other words, AN and ST
affected the changes of Ascomycetes, Basidiomycetes and Mortierellomycetes. However, some studies
have shown that in the arid and semi-arid grassland ecosystem in the eastern part of Inner Mongolia, soil
microbial biomass (Cmic, Nmic), soil TOC, TN, NH4

+ all increase with the increase of precipitation, while
pH value decreases with the increase of precipitation (Yao et al. 2017)

Nevertheless, 65-70% of the variation in microbial composition was not explained by month and depth, or
environmental variables in our study. The possible reason is the existence of other unmeasured
environmental factors that vary in space and time (Bahram et al. 2015), including biotic interactions such
as competition, mutualism, and predation between microbial taxa (Zhou et al. 2017) and ecological
processes such as dormancy and persistence traits of microbial communities and their members (Averill
et al. 2019).
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5. Conclusion
The article analyzed the spatiotemporal variation and driving factors of soil microbial community
structure in typical degraded steppe. The results show that both month and soil depth had signi�cantly
effect on microbial community structure and soil properties, but depth has a more signi�cant effect. The
abundance and diversity of bacteria and fungi were signi�cantly affected by depth. The abundance of
Acidobacteria, Proteobacteria, Actinomycetes, Ascomycetes and Basidiomycetes varies signi�cantly with
depth. What’s more, soil pH increased signi�cantly with depth increasing, while SOM, AN, VWC and ST
decreased signi�cantly with increasing depth. Therefore, we speculate that SOM and VWC account for
the abundance variations of Acidobacteria and Proteobacteria, and pH cause the abundance changes of
Actinomycetes, Ascomycetes and Basidiomycota. In addition, this study only analyzed the microbial
changes in each month of the plant growing season in a year, which may underestimate the real
microbial time changes. Therefore, more and longer time points should be included in the design of future
similar studies, including those on microbial biogeography. In conclusion, spatial and temporal studies of
soil microbial ecology provide a more comprehensive basis for understanding the key factors that
regulate biodiversity in soil ecosystems.

Declarations

Data Availability Statement
Sequence data have been deposited in the NCBI (https://www.ncbi. nlm.nih.gov/sra) under the accession
numbers PRJNA664840.

Funding
The National Natural Science Foundation of China jointly supports this work under grunt of 31760154
and 51779116, and the Inner Mongolia Science Fund for Distinguished Young Scholars, under grant
number of 2019JQ06. The authors want to thank the anonymous reviewers since their comments are
very constructive and helpful for the improvement of this work.

Author Contributions
Hongbin Zhao: The conception of the study (lead); writing - �nal draft & review & editing (equal). Wenling
Zheng: Conceptualization (equal); data analysis (lead); writing – original draft (lead). Shengwei Zhang:
The conception of the study (lead); funding acquisition (lead). Wenlong Gao: Methodology (supporting).
Yueyue Fan: Writing - review & editing (supporting).

Acknowledgements



Page 11/21

None.

Con�ict of Interests
The authors declare that there are no con�ict of interests.

Ethics approval and consent to participate
Not applicable.

Consent to publish
Not applicable.

References
Anderson MJ, Walsh DC. PERMANOVA, ANOSIM, and the Mantel test in the face of heterogeneous
dispersions: What null hypothesis are you testing? Ecol Monogr. 2013; 83: 557-74.

Anderson MJ, Willis TJ. Canonical analysis of principal coordinates: A useful method of constrained
ordination for ecology. Ecology. 2003; 84: 511-25.

Averill C, Cates LL, Dietze MC, Bhatnagar JM. Spatial vs. temporal controls over soil fungal community
similarity at continental and global scales. ISME J. 2019; 13:2082–2093.

Bagheri R, Saravi MM, Chaichi MR. The changes of bulk density, porosity percentage and soil seedbanks
in rangelands under different grazing intensities. Iran J Pharm Res, 2013, 20 (2): 417–432.

Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia NA, Van Bodegom PM, et al. Structure
function of the global topsoil microbiome. Nature. 2018; 560: 233-7.

Bahram M, Peay KG, Tedersoo L. Localscale biogeography and spatiotemporal variability in communities
of mycorrhizal fungi. New Phytol. 2015; 205: 1454–1463.

Bao S. Analysis of soil agrochemical. Beijing: China Agricultural Press; 2000.

Barboza ADM, Pylro VS, Jacques RJS, Gubiani PI, de Quadros FLF, da Trindade JK, et al. Seasonal
Dynamics Alter Taxonomical and Functional Microbial Pro�les in Pampa Biome Soils Under Natural
Grasslands. Peerj. 2018; 6: e4991.

Bardgett RD, Bowman WD, Kaufmann R, Schmidt SK. A temporal approach to linking aboveground and
belowground ecology. Trends Ecol Evol. 2005; 20: 634-41.



Page 12/21

Bardgett RD, Freeman C, Ostle NJ. Microbial contributions to climate change through carbon cycle
feedbacks. ISME. 2008; 2: 805-14.

Bell CW, Tissue DT, Loik ME, Wallenstein MD, Acosta-Martinez V, Erickson RA, Zak JC. Soil microbial and
nutrient responses to seven years of seasonally altered precipitation in a Chihuahuan Desert grassland.
Glob Chang Biol. 2014; 20: 1657–1673.

Bolger A, Lohse M, Usadel B. Trimmomatic: a �exible trimmer for Illumina sequence data. Bioinformatics.
2014; 30: 2114-20.

Bonanomi G, Cesarano G, Lombardi N, Motti R, Scala F, Mazzoleni S, Incerti G. Litter chemistry explains
contrasting feeding preferences of bacteria, fungi, and higher plants. Sci Rep. 2017; 7(1):9208.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7: 335-6.

Der Heijden MG, Bardgett RD, Van Straalen NM The unseen majority: soil microbes as drivers of plant
diversity and productivity in terrestrial ecosystems. Ecol Lett. 2008; 11: 296-310.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity and speed of chimera
detection. Bioinformatics. 2011; 27: 2194-200.

Eilers KG, Debenport SJ, Anderson SP, Fierer N. Digging deeper to �nd unique microbial communities: The
strong effect of depth on the structure of bacterial and archaeal communities in soil. Soil Boil Biochem.
2012; 50: 58-65.

Fierer N, Jackson RB. The diversity and biogeography of soil bacterial communities. Proc Natl Acad Sci
USA. 2006; 103: 626–631.

Fierer N, Lauber CL, Ramirez KS, Jesse Z, Mark AB, Rob K. Comparative metagenomic, phylogenetic and
physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 2012; 6: 1007–
1017.

Fierer N, Strickland MS, Liptzin D, Bradford MA, Cleveland CC. Global patterns in belowground
communities. Ecol Lett. 2009; 12(11): 1238-1249.

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M, et al. Solutions for a
Cultivated Planet. Nature. 2011; 478: 337-42.

Gri�ths RI, Thomson BC, James P, Bell T, Bailey MJ, Whiteley AS. The bacterial biogeography of British
soils. Environ Microbiol. 2011; 13: 1642-54.

Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen O, et al. Consequences of biodiversity loss
for litter decomposition across biomes. Nature. 2014; 509: 218-21.



Page 13/21

Holt JA. Grazing pressure and soil carbon, microbial biomass and enzyme ctivities in semi-arid
northeastern Australia [J]. Applied Soil Ecology, 1997, 5(2): 143-149.

Iii FSC, Matson PA, Mooney HA. Principles of Terrestrial Ecosystem Ecology. 2011; 369-397. 

Ko D, Yoo G, Yun ST, Jun SC, Chung H. Bacterial and fungal community composition across the soil depth
pro�les in a fallow �eld. J Ecol Environ. 2017; 41: 34.

Kowalchuk GA, Stephen JR Ammonia-oxidizing bacteria: a model for molecular microbial ecology. Nat
Rev Microbiol.. 2001; 55: 485-529.

Lauber CL, Ramirez KS, Aanderud Z, Lennon J, Fierer N. Temporal variability in soil microbial
communities across land-use types. ISME J. 2013; 7:1641–1650.

Lefcheck JS. Piecewise SEM: Piecewise structural equation modelling in R for ecology, evolution, and
systematics. Methods Ecol Evol. 2016; 7: 573-9.

Leff JW, Jones SE, Prober SM, Barberan A, Borer ET, Firn J, et al. Consistent responses of soil microbial
communities to elevated nutrient inputs in grasslands across the globe. Proc Natl Acad Sci USA. 2015;
112: 10967-72.

Magoč T, Salzberg SL. FLASH: fast length adjustment of short reads to improve genome assemblies.
Bioinformatics. 2011; 27: 2957-63.

Na X, Yu H, Wang P, Zhu W, Niu Y, Huang J. Vegetation biomass and soil moisture coregulate bacterial
community succession under altered precipitation regimes in a desert steppe in northwestern China. Soil
Boil Biochem. 2019; 136: 107520.

O’Brien SL, Gibbons SM, Owens SM, Hampton-Marcell J, Johnston ER, Jastrow JD, Gilbert JA, Meyer F,
Antonopoulos DA. Spatial scale drives patterns in soil bacterial diversity. Environ Microbiol. 2016; 18:
2039–2051.

Santalahti M, Sun H, Jumpponen A, Pennanen T, Heinonsalo J. Vertical and seasonal dynamics of fungal
communities in boreal Scots pine forest soil. FEMS Microbiol Ecol. 2016; 92: �w170.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mother: Open-
Source, Platform-Independent, Community-Supported Software for Describing and Comparing Microbial
Communities. Appl Environ Microbiol. 2009; 75: 7537-41.

Schmidt S, Nemergut D, Darcy J, Lynch R. Do bacterial and fungal communities assemble differently
during primary succession? Mol Ecol. 2014; 23: 254–258.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C. Metagenomic biomarker
discovery and explanation. Genome Biol. 2011; 12: 1-18.



Page 14/21

Shi S, Nuccio EE, Herman DJ, Rijkers R, Estera KY, Li J, et al. Successional Trajectories of Rhizosphere
Bacterial Communities over Consecutive Seasons. Mbio. 2015; 6: e00746-15.

Sorensen PO, Germino MJ, Feris KP. Microbial community responses to 17 years of altered precipitation
are seasonally dependent and coupled to co-varying effects of water content on vegetation and soil C.
Soil Biol Biochem. 2013; 64: 155–163

Sun S, Li S, Avera BN, Strahm BD, Badgley BD. Soil bacterial and fungal communities show distinct
recovery patterns during forest ecosystem restoration. Appl Environ Microbiol. 2017; 83: e00966-17.

Team RC. R: A language and environment for statistical computing. MSOR connections. 2014; 1.
https://www.r-project.org/.

Truong THH, Marschner P. Respiration, available N and microbial biomass N in soil amended with mixes
of organic materials differing in C/N ratio and decomposition stage. Geoderma. 2018; 319, 167–174.

Wang D, Rui Y, Ding K, Cui X, Hao Y, Tang L, et al. Precipitation drives the biogeographic distribution of soil
fungal community in Inner Mongolian temperate grasslands. J Soils Sediments. 2018; 18: 222-8.

Wang M, Shi S, Lin F. Response of the soil fungal community to multi-factor environmental changes in a
temperate forest. Appl Soil Ecol. 2014; 81: 45-56.

Wang R, Filley TR, Xu Z, Wang X, Li MH, Zhang Y. Luo W, Jiang Y. Coupled response of soil carbon and
nitrogen pools and enzyme activities to nitrogenand water addition in a semi-arid grassland of Inner
Mongolia. Plant Soil. 2014; 381: 323–336.

Wang Z, Xin Y, Gao D, Fengmin LI, Morgan J, Xing B. Microbial Community Characteristics in a Degraded
Wetland of the Yellow River Delta. Pedosphere. 2010; 20: 466-78.

Wu J, Zhang Q, Li A, Liang C. Historical landscape dynamics of Inner Mongolia: patterns, drivers, impacts.
Landsc Ecol. 2015; 30: 1579-98.

Xun W, Yan R, Ren Y, Jin D, Xiong W, Zhang G, et al. Grazing-induced microbiome alterations drive soil
organic carbon turnover and productivity in meadow steppe. Microbiome. 2018; 6: 1-13.

Yao M, Rui J, Niu H, Heděnec P, Li J, He Z, Wang J, et al. The differentiation of soil bacterial communities
along a precipitation and temperature gradient in the eastern Inner Mongolia steppe. CATENA. 2017; 152:
47-56.

Young KD. The selective value of bacterial shape. Microbiol Mol Biol Rev 2006; 70: 660–703.

Zhalnina K, Louie KB, Hao Z, Mansoori N, Rocha UN, Shi S, Brodie EL. Dynamic root exudate chemistry
and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat
Microbiol. 2018; 3: 470-80.



Page 15/21

Zhang J, Zhang N, Liu Y, Zhang X, Hu B, Qin Y, et al. Root microbiota shift in rice correlates with resident
time in the �eld and developmental stage. Sci China Life Sci. 2018; 61: 613-21.

Zheng S, Ren H, Lan Z, Li WH, Wang K, Bai Y. Effects of grazing on leaf traits and ecosystem functioning
in Inner Mongolia grasslands: scaling from species to community. Biogeosciences. 2009; 7: 1117-32.

Zhou J, Ning D. Stochastic community assembly: does it matter in microbial ecology? Microb Mol Biol
Rev. 2017; 81: e00002-17.

Tables
Table 1 Multivariate analysis of soil properties and microbial community α-diversity index (two-way
ANOVA)

Variables Month Depth Month* Depth

f value p value f value p value f value p value

pH 3.184 0.018 5.841 0.000 2.186 0.038

SOM 1.598 0.184 4.608 0.013 3.651 0.001

NO3
- 4.909 0.001 120.863 0.000 1.120 0.360

NH4
+ 44.690 0.000 53.510 0.000 7.236 0.000

VWC 88.411 0.000 5.098 0.008 14.011 0.000

ST 14102.554 0.000 21.398 0.000 188.361 0.000

Bacterial OTU richness 2.027 0.099 29.239 0.000 1.744 0.102

Bacterial ACE estimator 4.180 0.004 16.832 0.000 1.700 0.112

Bacterial Chao1 estimator 3.025 0.023 6.511 0.002 1.427 0.199

Bacterial Simpson index 1.239 0.302 3.590 0.032 1.232 0.293

Bacterial shannon index 0.831 0.509 67.406 0.000 1.162 0.333

fungal OTU richness 1.157 0.337 72.667 0.000 0.603 0.773

fungal ACE estimator 1.135 0.347 17.069 0.000 0.399 0.918

fungal Chao1 estimator 1.274 0.288 29.850 0.000 0.398 0.918

fungal Simpson index 0.258 0.904 22.016 0.000 1.173 0.327

fungal Shannon index 5.841 0.000 2.564 0.084 3.257 0.003
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Note: f value is the value of F test, p value signi�cance level, p < 0.05 means signi�cance, p < 0.01 means
extremely signi�cant.

Table 2 GLMM results showing effects of month and depth on relative abundance of dominant bacterial
and fungal phyla.

Bacterial phylum Month (Fixed effect) Depth (Fixed effect)

df t1,4 p value df t1,2 p value

Actinobacteria 4 4.357 0.107 2 16.564 0.000

Proteobacteria 4 2.692 0.018 2 22.837 0.000

Acidobacteria 4 4.39 0.002 2 12.143 0.000

Chloro�exi 4 7.067 0.046 2 23.571 0.000

Verrucomicrobia 4 6.481 0.004 2 4.464 0.001

Gemmatimonadetes 4 11.206 0.000 2 11.987 0.000

Rokubacteria 4 5.419 0.020 2 7.972 0.000

Bacteroidetes 4 4.878 0.037 2 10.093 0.000

Planctomycetes 4 7.435 0.014 2 13.84 0.000

Firmicutes 4 6.376 0.000 2 7.032 0.000

Ascomycota 4 9.658 0.001 2 3.445 0.056

Unclassi�ed 4 8.643 0.002 2 9.465 0.000

Basidiomycota 4 10.82 0.002 2 4.817 0.001

Mortierellomycota 4 7.009 0.001 2 4.848 0.006

Unassigned 4 7.889 0.097 2 5.094 0.008

Glomeromycota 4 0.391 0.987 2 0.386 0.127

Chytridiomycota 4 3.547 0.265 2 6.439 0.001

Aphelidiomycota 4 1.913 0.878 2 0.76 0.890

Olpidiomycota 4 2.239 0.463 2 0.255 0.964

Cercozoa 4 1.686 0.981 2 1.383 0.703

The effects of month and soillayer depth on relative abundances of bacterial phyla were determined by
using GLMM with altered precipitation regime as the �xed factor and block as random factor. p <0.05.
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Figures

Figure 1

PCoA analysis of soil microbial community structure based on Bray-Curtis distance algorithm. (A) and (B)
represent bacteria and fungi at different soil depths, and (C) and (D) represent bacteria and fungi in
different month. The dots represent each sample; different colors represent different groupings. The
horizontal and vertical coordinates are the two characteristic values that cause the largest difference
between samples, and re�ect the main degree of in�uence as a percentage.10, 20, and30 represent 10
cm, 20 cm, and 30 cm of soil depth, respectively. May, Jun, Jul, Aug, and Sep represent the soil sampled
in May, June, July, August, and September, respectively. The PERMANOVE analysis is based on the Bray-
Curtis distance algorithm, the result shows that depth had a signi�cant effect on both bacterial
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(R2=0.487, p=0.001) and fungal (R2= 0.177, p=0.001) communities. Month had a signi�cant effect on
fungal communities (R2= 0.074, p=0.087) and a little effect on bacterial communities (R2= 0.155,
p=0.001).

Figure 2

LEfSe analysis of soil bacteria and fungi. (A) and (B) represent bacteria and fungi at different soil depths,
and (C) and (D) represent bacteria and fungi in different months. The �gure shows species with LDA
Score greater than 4.0 (LDA Score greater than 4.0 indicates a signi�cant difference), p-value less than
0.05, and different colors indicate species in different groups. 10 represents 10cm soil layer and 30
represents 30cm soil layer. May, Jun, Aug, and Sep respectively represent sampling in May, June, July,
August, and September.
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Figure 3

Pearson correlation analysis between month, depth and soil properties and bacterial and fungal
community structures. TOC was short for total soil organic carbon; SOM was short for soil organic
matter; AN was short for available ammonium (the sum of NO3  and NH4+); VWC was short for volume
water content of soil; ST was short for soil temperature. The bolding indicates signi�cance at p < 0.05.
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Figure 4

SEM analysis of bacteria and fungus s with environmental factors. (A) and (B) represent structural
equation model analysis of bacteria and fungi. TOC, AN, VWC, ST represent as above; BC was short for
bacterial community; FC was short for fungi community. Solid arrows indicate positive correlations, and
dotted arrows indicate negative correlations. Values associated with arrows indicate standardized path
coe�cients (*p < 0.05; **p < 0.01; ***p < 0.001). Arrow width represents the size of the corresponding
normalized path coe�cient. Percentage (R2) associated with response variables represent the proportion
of explained variation by other variables.
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