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Introduction: Microorganisms play a critical role in soil biogeochemical cycles, but it is still debated whether they influence soil biogeochemical processes through community composition and diversity or not. This study aims to investigate variation in bacterial community structure across different soils and its correlation to soil multifunctionality. Soil samples were collected from five typical farmland zones along distinct climatic gradients in China.

Methods: The high-throughput sequencing (Illumina MiSeq) of 16S rRNA genes was employed to analyze bacterial community composition in each soil sample. Multivariate analysis was used to determine the difference in soil properties, microbial community and functioning, and their interactions.

Results: Cluster and discrimination analysis indicated that bacterial community composition was similar in five tested soil samples, but bacterial richness combined with soil enzyme activities and potential nitrification rate (PNR) contributed most to the differentiations of soil samples. Mantel test analysis revealed that bacterial community composition and richness were more significantly shaped by soil nutrient conditions and edaphic variables than bacterial diversity. As for soil multifunctionality, soil microbial community level physiological profiles were little affected by abiotic and biotic factors, while soil enzymes and PNR were also significantly related to bacterial community composition and richness, in addition to soil N and P availability.

Conclusion: Cumulatively, soil enzymes’ activities and PNR were greatly dependent on bacterial community composition and richness not diversity, which in turn were greatly modified by soil N and P availability. Therefore, in the future it should be considered for the role of fertilization in the modification of bacterial community and the consequent control of nutrient cycling in soil.
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1. Introduction

It is widely proven that the biogeographic distribution of the soil microbial community also strongly depends on geographic distance (Ma et al., 2017; Battle et al., 2018) in addition to the contemporary environmental factors (Shi et al., 2020). It is thought that spatial distance is a factor that defined the spread of microorganisms and their variation in community composition across different geographic zones (Mora-Ruiz et al., 2018). As soil microorganisms act pivotal roles in nutrient cycling, productivity maintenance, and carbon sequestration, along with plant growth in an agricultural ecosystem, it could be assumed that soil functions should vary along the spatial distribution of microbial communities across different soils. It is still debated whether soil functions respond to the variation of microbial communities across different soils (Luo et al., 2018), considering an over-proportional role of soil microbial taxa in biological processes (Chen et al., 2020).

Along geographic distance, soil properties and climatic conditions are so distinct that they were supposed to modify the multifunctionality of soil ecosystem through manipulating soil microbial diversity. However, still little is known about how to distinguish the contribution of environmental drivers and microbial communities on soil multifunctionality. Multivariate methods have been well recognized in soil ecosystem research, as they can interpret results with better-summarized information (Ye and Wright, 2010). Principal component analysis (PCA) has been proven sound to analyze the impacts of agricultural practices on microbial community structure and function (Wang X. et al., 2020). Canonical correlation analysis and discrimination analysis also proved potential in identifying the influence of soil chemical properties on microbial community structure and function (Ye and Wright, 2010; Wang Z. et al., 2020).

There is a dependent relationship between soil microbial communities with the identity and number of measured functions (Deltedesco et al., 2020). In our study, bacterial communities and soil functions, including microbial community level physiological profiles (CLPPs), soil enzyme, and potential nitrification rate (PNR), were characterized in all soil samples collected from five typical farmland zones of China. Multivariate analysis methods were applied to answer the following questions: (1) whether soil samples distinguished microbial parameters in addition to climatic and edaphic factors, and (2) whether soil functions were dependent on bacterial communities’ composition or diversity.



2. Materials and methods


2.1. Sites description and soil sample collection

Five typical farmland soils were collected from Shandong (SD), Shanxi (SX), Liaoning (LN), Jiangxi (JX), and Fujian (FJ), which are located in different farmland zones and climatic zones of China and have experienced long-term intensive agricultural cultivation. Therefore, these collected soils were representatives of soil type, soil management, and climatic conditions (seen in Figure 1 and Table 1). The mean annual temperature and precipitation data for each zone (abbreviated as MAT and MAP, respectively) were offered by China Climatic Data Service Center.1 The fertilization data were from the local yearbook of each sampling site.

[image: Figure 1]

FIGURE 1
 Soil sampling sites’ information.




TABLE 1 Location of sampling, weather conditions, cropping, fertilization, and soil characteristics [listed as mean ± standard error (n = 3)].
[image: Table1]

To eliminate the influence of crop growing, surface soil samples (0–20 cm) were collected from a plot without crop growing in November 2019. Three sampling plots with an interval over 50 km were collected for each farmland zone. Five random sites with an interval over 5 km were sampled from each plot and about 2 kg of soil was homogenized as one soil sample after picking out large stones, plant litter, and animal debris. Each sampling site was over 500 m2, and triplicate soil samples were collected and mixed as one for each sampling site. The collected soil samples were screened (~2 mm) and then divided into two subsamples: one subsample was stored at ~4°C for microbial analysis in the next 2 weeks, and the other one was air-dried for soil properties analysis.



2.2. Soil physicochemical properties’ analyses

Soil pH was measured in a soil–water suspension at a ratio of 1:2.5 mass/volume with a compound electrode on a pH meter (FE22, Mettler Toledo, Shanghai, China). Soil organic matter (OM) was measured by the K2Cr2O7 oxidation method (An et al., 2018). Total nitrogen (TN) and total phosphorus (TP) were determined by colorimetric analysis after being digested with a persulphate solution in an autoclave (Raveh and Avnimelech, 1979; U.S. Environmental Protection Agency, 1993). Soil labile inorganic N (LIN) and P (LIP) were analyzed with a flow injection analyzer (SAN++, Skalar, Netherlands) after extraction with K2SO4 (Castillo and Wright, 2008) and NaHCO3 (Kuo, 1996), respectively. Labile organic N (LON) was the difference between TN and LIN (Castillo and Wright, 2008). Labile organic P (LOP) was the difference between the Kjeldahl P of the NaHCO3 extracts and LIP (Castillo and Wright, 2008). Soil chemical properties are shown in Table 1.



2.3. Microbial parameters


2.3.1. Soil DNA extraction and bacterial community analysis

The fresh soil samples were transported in iced boxes to Lc-bio Technologie (Hangzhou, China) co., Ltd. for DNA extraction, PCR amplification, sequencing, and taxonomic assignment. Soil DNA was extracted using E.Z.N.A.® Stool DNA Kit (D4015, Omega, Inc., United States). The quality of extracted DNA was determined with a NanoDrop spectrometer (ND 2000, Thermo Scientific, Waltham, MA, United States). The universal primer pair 515F/806R was employed to amplify the V4 region of the bacterial and archaeal 16S rRNA genes. The PCR products were purified and quantified with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and Qubit (Qubit4.0, Invitrogen, United States), respectively. The size of the amplicon library was quantified by Illumina 2.0 (Kapa Biosciences, Woburn, MA, United States) with the Library Quantification Kit after being assessed with Agilent 2,100 Bioanalyzer (Agilent, United States). The sequence analysis was conducted on the MisSeq PE250 platform. The operational taxonomic unit (OTU) was defined by Vsearch (V 2.3.4) with a similarity of over 97%, and then each representative sequence was assigned by the Ribosomal Database Project (RDP) classifier. Each microbial library was normalized to the samples with the least sequence number. Alpha diversity and beta diversity were analyzed by QIIME (V 1.8.0) process, and figures were drawn by R (V 3.5.2).



2.3.2. Microbial CLPPs and soil enzymes’ activity

Microbial CLPPs were analyzed according to the procedure of Biolog EcoPlate™ (Biolog Inc., Hayward, CA, United States). Briefly, 1 g of fresh soil was extracted with 20 ml of sterilized water after gently shaking for 20 min. After settling for 15 min, 150 μL of supernatant of soil extract was sampled and dispensed into each well of Eco-Plates and subsequently incubated in dark at 25°C for up to 156 h. The absorbance data of each well were recorded regularly at 590 nm using TECAN Infinite® 200 Pro (Tecan Inc., Switzerland). Negative values were considered zero. Average well-color development (AWCD) was calculated according to the references (Garland, 1997; Lewis et al., 2010). The absorbance value of each well was divided by the AWCD and subsequently used to calculate the absorbance value of various C sources as well as for the following principal component analysis (PCA).

Soil urease (URE), phosphatase (PHOS), and dehydrogenase (DHA) were measured by the colorimetric method with a soil enzyme test kit (Cominbio, Jiangsu, China). The added substrate and absorbance wavelength for each soil enzyme are listed in the Supplementary Table S2.



2.3.3. Soil potential nitrification rate

Soil potential nitrification rate (PNR) was measured according to the method described by Liao et al. (2019). Briefly, 20 g soil was spiked with 0.044 M (NH4)2SO4 with a final concentration of 100 mg NH4+-N/kg soil and then adjusted its humidity to 60% of the WHC followed by a next incubation of 14 days at 25 ± 2°C. Soil (0.100 g) was sampled from each treatment on the 0th and 14th day of incubation, respectively. NO3−-N in soil samples was extracted with 1 M KCl and determined by the colorimetric method with a SAN++ analyzer (Skalar, Netherlands). The soil PNR computation formula was as follows:
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where

PNR (mg kg−1 d−1), the potential nitrification rate; ω(NO3−-N)1 and ω(NO3−-N)2 are the NO3−-N concentrations (mg kg−1) in the soil on the 0th and 14th day, respectively; X (day) is the incubation time.




2.4. Statistics analysis

A cluster analysis was conducted with Origin Lab 2018 to classify soils by integrated soil environmental factors. A discrimination analysis was conducted to differentiate microbial data across different farmland zones. PCA was used to extract various abiotic and biotic variables into the most important principal components, respectively. A Mantel test analysis was then carried out to investigate the dependent relationship between soil chemical and microbial variables. All data were standardized to zero mean and unit variance before being subjected to multivariate analysis (performed on the Tutools platform).2 A one-way analysis of variance (ANOVA) was used to analyze the significant differences among all samples for the selected properties.




3. Results


3.1. Difference in soil characteristics across five farmland zones

All soil samples revealed a good clustering scheme according to the soil type and climatic gradients (Figure 2, all variables used to construct this dendrogram as shown in Supplementary Table S1). The dendrogram indicated a three-group clustering that cluster 1 contained soils from Fujian and Jiangxi, both located in a southeast humid area of China (Figure 1), cluster 2 only included soils from Shanxi at the central semi-arid area of China (Figure 1), and cluster 3 included soils from Shandong and Liaoning in east semi-humid area, China (Figure 1). Among the investigated soil types, it showed that the cluster of Loess soil was closer to black and cinnamon soil than other two soils belong to red earth and paddy soil, respectively.

[image: Figure 2]

FIGURE 2
 Dendrogram from cluster analysis applied to soil characteristics data (Table 1).


The variables–PCA procedure was used to recognize and extract factors contributing to soil clustering. Although there was a collinear between the variables of LIN and LON as well as MAP and TP, the variables of LIN, LON, LOP, and LIP, combined with MAT and MAP indicated a more important role than TN, TP, and OM in defining the differences among soils (Figure 3A). This was better depicted in the biplot (Figure 3B). That is, the variables LIN and LON were significant in isolating SX soil from the other soil; accordingly, MAT was significant in contributing the separation of FJ soil, respectively, while OM performed a key role in separating SD soil and LN soil.

[image: Figure 3]

FIGURE 3
 Graphical outputs of principal component analysis using the first two dimensions Dim1 and Dim2. (A) Loading plot and (B) biplot.




3.2. Difference in soil bacterial community across five farmland zones

As shown in Figure 4A, all soil samples were similar in bacterial community composition at the phylum level, but they were still divided into three main groups: JX, LN and (FJ, SX, and SD) using the cluster analysis with a Bray–Curtis distance matrix. Similarly, discrimination analysis plots with soil bacterial 16S rRNA gene data also demonstrated that JX soil was significantly separated from the rest soil on the X-variate 1, and LN soil was significantly isolated from FJ, SD, and SX soil on X-variate 2, while SD and SX soil show a good grouping (Figure 4B).

[image: Figure 4]

FIGURE 4
 Bray-Curtis distance matrix (A) and discrimination analysis (B), where, expl. var is the abbreviation of explanation of variation on bacterial 16S rRNA gene data.


Firstly, principal component analysis was used to create two new variables representing the measured variables of soil microbial community and ecological functions (Table 2). Two variables (Bacterial1 and Bacterial2) were extracted from the original 16S rRNA gene sequences data, which explained 75.52% of the total variance in soil bacterial communities (Supplementary Figure S1). The CLPP1 and CLPP2 extracted from the BIOLOG data set (Supplementary Figure S2) explained 88.27% of the total variance in microbial utilization on various C sources (Supplementary Figure S3). The new variables combined with other microbial parameters (Table 2) were applied for discrimination analysis (Figure 5A), which rearranged relationships between five tested soils. That is, X-variate1 mainly demonstrated the difference between soils from FJ and JX, while X-variate2 exhibited the difference of soil from FJ, LN, and SX, respectively. Biplots (Figure 5B) indicated that Bacterial2, AWCD, and CLPP2 were significant variables isolating FJ soils from rest soils, variables of Chao, Shannon, and DHA contributed to the separation of SX soils from others, and URE and PNR played an important role in the separation of SD soils. However, Bacterial1, representing 50.42% of the variation in bacterial community composition (Figure 4A), appeared no effect on any soil separation.



TABLE 2 Microbial variables of five soils (0–20 cm) listed as mean ± standard error (n = 3).
[image: Table2]
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FIGURE 5
 Graphic plots of discrimination analysis (A), where, expl. var is the abbreviation of explanation of variation and principal component analysis (B) on soil integrative microbial parameters.




3.3. Dependent relationship between soil environments, bacterial communities, and functions

The Mantel test was used to analyze the dependent relationship among soil environmental variables, bacterial community, and ecological functions. As shown in Figure 6, bacterial communities’ composition showed significant relationships with climatic, edaphic factors, and nutrient variables except for soil TN. Similarly, the Chao index, representing bacterial richness, was strongly correlated with most soil environmental parameters at a level of p < 0.01, but little related to soil TN and OM. Interestingly, at a level of 0.01 < p < 0.05, the Shannon index, which represents bacterial diversity, was only significantly related to soil N and P availability in addition to pH. All of the earlier results indicated that bacterial community composition and richness were shaped by climatic factors and soil nutrient conditions, but bacterial diversity was strongly related to soil N and P availability.

[image: Figure 6]

FIGURE 6
 Dependent relationship between soil environmental factors and bacterial communities on Mantel test analysis.


As for soil multifunctionality, the importance of individual soil environmental factors was greatly dependent on the specific soil function, e.g., AWCD, representing integrative microbial activity, had significant relationships with almost all soil chemical properties except TN and TP (p > 0.05), while CLLPs, indicating metabolic ability on various C sources, were little affected by soil chemical parameters. Similar to AWCD, soil DHA also had a significant relationship with the majority of soil environmental variables, except pH, TN, and OM. In contrast, soil pH (r = 0.30, p = 0.015), TN (r = 0.52 p = 0.006), and LIP (r = 0.22, p = 0.028) were the only variables that significantly influenced soil PHOS. As important controllers of the soil N process, soil URE only showed a significant relationship with soil TN (r = 0.28, p = 0.014), while PNRs were strongly dependent on soil TN (r = 0.46, p = 0.001), LIN (r = 0.30, p = 0.007), and LON (r = 0.28, p = 0.008) in addition to soil OM. The earlier results suggest that soil nutrient factors are more important than edaphic/climatic factors (pH, MAP, and MAT) in shaping soil multifunctionality.

Different from the earlier abiotic soil factors, each tested soil function except for CLPPs was all significantly correlated with bacterial community composition and richness, but not their diversity (Figure 7). In detail, AWCD was all significantly dependent on integrative bacterial community (Bacterial1: r = 0.38, p = 0.005 and Bacterial2: r = 0.23, p = 0.032) and richness (Chao, r = 0.0.34, p = 0.001), while DHA was more strongly dependent on the Bacterial1 community (r = 0.36, p = 0.006) and richness (r = 0.43, p = 0.002), which was similar to soil PHOS. In contrast to soil PNR, which is also significantly modified by bacterial community and richness, URE was only greatly dependent on the Bacterial2 community (r = 0.72, p = 0.001).

[image: Figure 7]

FIGURE 7
 Dependence of soil multifunctionality on soil environmental factors and bacterial communities on Mantel test analysis.





4. Discussion


4.1. Factors shaping soil bacterial distribution across different climatic zones

The soil environment is widely recognized as an important factor in modifying microbial community composition and diversity across distinct ecological zones due to its wide range in soil pH, moisture, temperature, organic matter, and nutrient level (Garcia-Pichel et al., 2013; Fu et al., 2015). In this study, the heterogeneity of the tested soils was depicted by clustering analysis on climatic and chemical variables (Figure 2). Moreover, the Bray–Curtis distance and discrimination analysis on the bacterial 16S rRNA gene also recognized the actual difference in the bacterial community among these soils (Figure 4). In addition, multivariate analysis revealed that soil nutrients availability plaid important roles in distinguished these investigated soils (Figure 3) as well as the inhabited bacterial community (Figures 5, 6), suggesting that soil nutrients levels were also determinative to bacterial community structure and diversity of each tested soil (Xia et al., 2020), in addition to climatic and edaphic factors (Xia et al., 2016; Ding and Eldridge, 2021). Similar results were also reported for other ecosystems and recognized that nutrients availability shaped microbial community structure and function (Ye and Wright, 2010; Griffiths et al., 2011; Geisseler and Scow, 2014; Battle et al., 2018; Shi et al., 2020). This suggests that farming management intensity may be more meaningful to microbial distribution patterns across distinct farmland soils, although soil pH also plays an important role in regulating soil bacterial community and diversity (Figure 6) as previous investigations (Zhalnina et al., 2015; Vázquez et al., 2020; Kang et al., 2021). In other words, bacterial communities are more influenced by regional environmental conditions caused by resulting from intensive farming practices than edaphic factors (Gałązka and Furtak, 2019; Xiang et al., 2020).



4.2. Dependent relationship between soil bacterial community and functions

Beyond the recognized influence of soil environment on bacterial communities, increasing investigations are conducted on the effects of edaphic and soil environment on soil functions, e.g., soil enzymes, substrates use profiles and efficiency, and organic matter decomposition. In this study, in contrast to the significant variation across tested soil samples (Supplementary Figure S2), CLPPs were only explained by soil organic matter contents. However, AWCD, representing the microbial integrative function, was significantly linked to most soil chemical properties (Figure 7). This difference may prove that incorporating multivariate ecological functions into an integrative one was more important than only studying the individual relationship between soil parameters and soil function in investigating the effects of edaphic factors on soil functions (Zheng et al., 2019). Moreover, the Biolog Eco-Plates are used to create a metabolic profile of the whole microbial community occurring in different environments (Garland, 1997; Gałązka and Furtak, 2019). In the present study, there was unexpectable to find that CLPPs were not related to bacterial community composition as well as diversity, while a significant correspondence of AWCD was also found to bacterial community and richness (Figure 7). These unexpectable results might be that Biolog Eco-Plates could well depict the habitat characteristics of the original (field relevant) bacterial community (Manzoni et al., 2012), but CLPP from Eco-Plates are lack of immediate links to soil bacterial community in mechanism (Winding and Hendriksen, 2007; Rutgers et al., 2016).

Soil enzymes, originating from various organisms, especially bacteria and fungi, are involved in soil biogeochemical processes under the effects of edaphic factors. Thus, their activities are closely related to soil physicochemical and biological properties (Srinivasrao et al., 2017), in addition to the influences of fertility management, cropping systems, and climatic conditions. Here, along with the significant variation across tested soil samples (Table 2), soil DHA showed a significantly directive relationship with soil bacterial community composition and richness as well as soil nutrients levels, but was little affected by edaphic factors (pH and OM, Figure 7). It is not consistent to the wide recognitions that soil pH and organic contents are of significant factors controlling soil enzymes’ activity (Kang et al., 2009; Agnieszka and Zofia, 2012; Hendriksen et al., 2016; Srinivasrao et al., 2017). Here, a possible reason might be related to soil sampling season, as soil DHA is the most important indicator of soil integrative microbial activity (Agnieszka and Zofia, 2012), and appear to be influenced by temperature in situ (Kang et al., 2009). Compared to DHA, soil PHOS was more susceptible to most soil abiotic factors (except TN and TP), but weaker related to bacterial variables (Figure 7). The reason might be that PHOS is mainly from extracellular and less affiliated with microbial biomass compared to DHA (Kang et al., 2009). While in contrast to DHA and PHOS, soil URE only had a significant relationship with Bacterial2 in addition to TN, which might be attributed to the fact that URE only originated from several aerobic bacteria in addition to plants, algae, and fungi (Mekonnen et al., 2021). All of the earlier statements suggest that combined with soil nutrient levels, bacterial community composition and richness play an important role in the control of soil enzymes (de Menezes et al., 2017; Bonner et al., 2018; Zheng et al., 2019). Nevertheless, here no significant associations were found between bacterial diversity and soil enzymes activities (Figure 7), which is not in line with the previous findings (Delgado-Baquerizo et al., 2017a,b; Zheng et al., 2019).

In comparison to three soil enzymes, PNR showed a positive relationship to TN and negative associations with LIN and LON at a significant level of p < 0.05. A reasonable explanation is that PNR only participates in the oxidation process of ammonia in soil under the control of the soil nitrifier community (Beeckman et al., 2018). This was also laterally proved by the strong associations between Bacterial2/richness and soil PNR (Figure 7). Nemours studies reported that in addition to OM, soil pH is a critical controlling factor of soil nitrification potential, with a discriminating pH value of 5.3 (Ste-Marie and Paré, 1999), but a weak relationship occurred between PNR and pH in the present study (Figure 7). It suggested that at the ecosystem scale, soil nitrification was not controlled by a single factor but might be an interaction between soil abiotic factors and nitrifier community mostly defined by farming management and soil type (Yan et al., 2018; Zhang et al., 2019; Yang et al., 2021).




5. Conclusion

Soil bacterial community and functions were significantly distinct along investigated climatic gradients. The multivariate analysis demonstrated that in addition to edaphic factors, soil nutrients especially their available levels were key factors influencing regional bacterial community composition and diversity as well as soil functions though they were slightly different in strength. Moreover, bacterial community composition and richness were important directive drivers of soil enzymes and PNR, but lack of immediate links to microbial metabolism on various C sources. As a data limitation, the observational correlative results in the present study may be potentially non-causative. Thus, more in situ investigation should be conducted on the interactions of environment-microbial community structure–function.



Data availability statement

The data that support the findings of this study are available from the corresponding author upon reasonable request. All the DNA sequence data in this manuscript are deposited in the GenBank databases, accession number KFXR00000000.



Author contributions

JL: data curation and original draft preparation. ZG: English improvement and modification. G-QH and F-XR: data curation and experiment investigation. Y-ZX, KL, and M-YL: visualization and editing. A-JL: conceptualization and methodology. H-LL: reviewing and validation. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Shandong Province Natural Science Foundation under grant nos. ZR2020ZD19 and ZR2022YQ34, and the Natural Science Foundation of China (NSFC) under grant nos. 42077129, 41877122, and 42177403.



Acknowledgments

The authors would like to thank Lian-Chuan Biotechnology Co., Ltd. for their help in high-throughput DNA sequencing data analysis and the Tutools platform (http://www.cloudtut.com) for offering a free platform for data analysis and graphing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1144823/full#supplementary-material



Footnotes

1   http://data.cma.cn

2   http://www.cloudtut.com



References

 Agnieszka, W. S., and Zofia, S. P. (2012). “Dehydrogenase activity in the soil environment” in Dehydrogenases. ed. C. Rosa Angela (Rijeka: IntechOpen) Ch. 8

 An, F., Li, H., Diao, Z., and Lv, J. (2018). The soil bacterial community in cropland is vulnerable to Cd contamination in winter rather than in summer. Environ. Sci. Pollut. Res. 26, 114–125. doi: 10.1007/s11356-018-3531-8

 Battle, K., Sébastien, T., Samuel, D., Nicolas, P. A. S., Walid, H., and Mélanie, L. (2018). Biogeography of soil bacteria and archaea across France. Sci. Adv. 4:eaat1808. doi: 10.1126/sciadv.aat1808

 Beeckman, F., Motte, H., and Beeckman, T. (2018). Nitrification in agricultural soils: impact, actors and mitigation. Curr. Opin. Biotechnol. 50, 166–173. doi: 10.1016/j.copbio.2018.01.014 

 Bonner, M. T. L., Shoo, L. P., Brackin, R., and Schmidt, S. (2018). Relationship between microbial composition and substrate use efficiency in a tropical soil. Geoderma 315, 96–103. doi: 10.1016/j.geoderma.2017.11.026

 Castillo, M. S., and Wright, A. L. (2008). Soil phosphorus pools for histosols under sugarcane and pasture in the Everglades, USA. Geoderma 145, 130–135. doi: 10.1016/j.geoderma.2008.03.006

 Chen, Q.-L., Ding, J., Zhu, D., Hu, H.-W., Delgado-Baquerizo, M., Ma, Y.-B., et al. (2020). Rare microbial taxa as the major drivers of ecosystem multifunctionality in long-term fertilized soils. Soil Biol. Biochem. 141:107686. doi: 10.1016/j.soilbio.2019.107686

 de Menezes, A. B., Richardson, A. E., and Thrall, P. H. (2017). Linking fungal–bacterial co-occurrences to soil ecosystem function. Curr. Opin. Microbiol. 37, 135–141. doi: 10.1016/j.mib.2017.06.006 

 Delgado-Baquerizo, M., Eldridge, D. J., Ochoa, V., Gozalo, B., and Maestre, F. T. (2017a). Soil microbial communities drive the resistance of ecosystem multifunctionality to global change in drylands across the globe. Ecol. Lett. 20, 1295–1305. doi: 10.1111/ele.12826 

 Delgado-Baquerizo, M., Trivedi, P., Trivedi, C., Eldridge, D. J., Reich, P. B., Jeffries, T. C., et al. (2017b). Microbial richness and composition independently drive soil multifunctionality. Funct. Ecol. 31, 2330–2343. doi: 10.1111/1365-2435.12924

 Deltedesco, E., Keiblinger, K. M., Piepho, H.-P., Antonielli, L., Pötsch, E. M., Zechmeister-Boltenstern, S., et al. (2020). Soil microbial community structure and function mainly respond to indirect effects in a multifactorial climate manipulation experiment. Soil Biol. Biochem. 142:107704. doi: 10.1016/j.soilbio.2020.107704

 Ding, J., and Eldridge, D. J. (2021). Climate and plants regulate the spatial variation in soil multifunctionality across a climatic gradient. Catena 201:105233. doi: 10.1016/j.catena.2021.105233

 Fu, L., Song, T., and Lu, Y. (2015). Snapshot of methanogen sensitivity to temperature in Zoige wetland from Tibetan plateau. Front. Microbiol. 6:131. doi: 10.3389/fmicb.2015.00131

 Gałązka, A., and Furtak, K. (2019). “Chapter 20 - functional microbial diversity in context to agriculture” in Microbial diversity in the genomic era. eds. S. Das and H. R. Dash (San Diego, CA: Academic Press), 347–358.

 Garcia-Pichel, F., Loza, V., Marusenko, Y., Mateo, P., and Potrafka, R. M. (2013). Temperature drives the continental-scale distribution of key microbes in topsoil communities. Science 340, 1574–1577. doi: 10.1126/science.1236404 

 Garland, J. L. (1997). Analysis and interpretation of community-level physiological profiles in microbial ecology. FEMS Microbiol. Ecol. 24, 289–300. doi: 10.1111/j.1574-6941.1997.tb00446.x

 Geisseler, D., and Scow, K. M. (2014). Long-term effects of mineral fertilizers on soil microorganisms – a review. Soil Biol. Biochem. 75, 54–63. doi: 10.1016/j.soilbio.2014.03.023

 Griffiths, R. I., Thomson, B. C., James, P., Bell, T., Bailey, M., and Whiteley, A. S. (2011). The bacterial biogeography of British soils. Environ. Microbiol. 13, 1642–1654. doi: 10.1111/j.1462-2920.2011.02480.x 

 Hendriksen, N. B., Creamer, R. E., Stone, D., and Winding, A. (2016). Soil exo-enzyme activities across Europe—the influence of climate, land-use and soil properties. Appl. Soil Ecol. 97, 44–48. doi: 10.1016/j.apsoil.2015.08.012

 Kang, H., Kang, S., and Lee, D. (2009). Variations of soil enzyme activities in a temperate forest soil. Ecol. Res. 24, 1137–1143. doi: 10.1007/s11284-009-0594-5

 Kang, E., Li, Y., Zhang, X., Yan, Z., Wu, H., Li, M., et al. (2021). Soil pH and nutrients shape the vertical distribution of microbial communities in an alpine wetland. Sci. Total Environ. 774:145780. doi: 10.1016/j.scitotenv.2021.145780

 Kuo, S. (1996). “Phosphorus” in Methods of soil analysis. ed. J. M. Bridgham (Madison, WI: ASA and SSSA), 869–919.

 Lewis, D. E., White, J. R., Wafula, D., Athar, R., Dickerson, T., Williams, H. N., et al. (2010). Soil functional diversity analysis of a bauxite-mined restoration Chronosequence. Microb. Ecol. 59, 710–723. doi: 10.1007/s00248-009-9621-x 

 Liao, Q., Li, M., Dong, Y., Shao, Y., Liu, X., Hu, X., et al. (2019). Responses difference analysis of soil potential nitrification rates to cu and sulfadiazine. Environ. Pollut. Bioavailability 31, 219–225. doi: 10.1080/26395940.2019.1620132

 Luo, G., Rensing, C., Chen, H., Liu, M., Wang, M., Guo, S., et al. (2018). Deciphering the associations between soil microbial diversity and ecosystem multifunctionality driven by long-term fertilization management. Funct. Ecol. 32, 1103–1116. doi: 10.1111/1365-2435.13039

 Ma, B., Dai, B. Z., Wang, B. H., Dsouza, B. M., and Liu, F. X. (2017). Distinct biogeographic patterns for archaea, bacteria, and fungi along the vegetation gradient at the continental scale in eastern China. mSystems 2:e00174-16. doi: 10.1128/mSystems.00174-16

 Manzoni, S., Taylor, P. G., Richter, A., Porporato, A., and Ågren, G. I. (2012). Environmental and stoichiometric controls on microbial carbon-use efficiency in soils. New Phytol. 196, 79–91. doi: 10.1111/j.1469-8137.2012.04225.x 

 Mekonnen, E., Kebede, A., Nigussie, A., Kebede, G., and Tafesse, M. (2021). Isolation and characterization of urease-producing soil bacteria. Int. J. Microbiol. 2021:8888641. doi: 10.1155/2021/8888641

 Mora-Ruiz, M. D. R., Cifuentes, A., Font-Verdera, F., Pérez-Fernández, C., Farias, M. E., González, B., et al. (2018). Biogeographical patterns of bacterial and archaeal communities from distant hypersaline environments. Syst. Appl. Microbiol. 41, 139–150. doi: 10.1016/j.syapm.2017.10.006 

 Raveh, A., and Avnimelech, Y. (1979). Total nitrogen analysis in water, soil and plant material with persulphate oxidation. Water Res. 13, 911–912. doi: 10.1016/0043-1354(79)90227-6

 Rutgers, M., Wouterse, M., Drost, S. M., Breure, A. M., Mulder, C., Stone, D., et al. (2016). Monitoring soil bacteria with community-level physiological profiles using Biolog™ ECO-plates in the Netherlands and Europe. Appl. Soil Ecol. 97, 23–35. doi: 10.1016/j.apsoil.2015.06.007

 Shi, Y., Jiang, Y., Wang, S., Wang, X., and Zhu, G. (2020). Biogeographic distribution of comammox bacteria in diverse terrestrial habitats. Sci. Total Environ. 717:137257. doi: 10.1016/j.scitotenv.2020.137257

 Srinivasrao, C., Grover, M., Kundu, S., and Desai, S. (2017). “Soil enzymes” in Encyclopedia of Soil Science. ed. R. Lal. 3rd ed (Boca Raton, FL, USA: CRC Press), 2100–2107.

 Ste-Marie, C., and Paré, D. (1999). Soil, pH and N availability effects on net nitrification in the forest floors of a range of boreal forest stands. Soil Biol. Biochem. 31, 1579–1589. doi: 10.1016/S0038-0717(99)00086-3

 U.S. Environmental Protection Agency (1993). Methods for the determination of inorganic substances in environmental samples. U.S. Environmental Protection Agency, Washington, D.C., EPA/600/R-93/100.

 Vázquez, E., Benito, M., Espejo, R., and Teutscherova, N. (2020). Response of soil properties and microbial indicators to land use change in an acid soil under Mediterranean conditions. Catena 189:104486. doi: 10.1016/j.catena.2020.104486

 Wang, X., He, T., Gen, S., Zhang, X.-Q., Wang, X., Jiang, D., et al. (2020). Soil properties and agricultural practices shape microbial communities in flooded and rainfed croplands. Appl. Soil Ecol. 147:103449. doi: 10.1016/j.apsoil.2019.103449

 Wang, Z., Li, T., Li, Y., Zhao, D., Han, J., Liu, Y., et al. (2020). Relationship between the microbial community and catabolic diversity in response to conservation tillage. Soil Tillage Res. 196:104431. doi: 10.1016/j.still.2019.104431

 Winding, A., and Hendriksen, N. B. (2007). Comparison of CLPP and enzyme activity assay for functional characterization of bacterial soil communities. J. Soils Sediments 7, 411–417. doi: 10.1065/jss2007.11.262

 Xia, Z., Bai, E., Wang, Q., Gao, D., Zhou, J., Jiang, P., et al. (2016). Biogeographic distribution patterns of bacteria in typical Chinese Forest soils. Front. Microbiol. 7:1106. doi: 10.3389/fmicb.2016.01106 

 Xia, Q., Rufty, T., and Shi, W. (2020). Soil microbial diversity and composition: links to soil texture and associated properties. Soil Biol. Biochem. 149:107953. doi: 10.1016/j.soilbio.2020.107953

 Xiang, X., Liu, J., Zhang, J., Li, D., Xu, C., and Kuzyakov, Y. (2020). Divergence in fungal abundance and community structure between soils under long-term mineral and organic fertilization. Soil Tillage Res. 196:104491. doi: 10.1016/j.still.2019.104491

 Yan, L., Wang, G., Ai, S., Huo, Z., Wang, Y., Gu, J. D., et al. (2018). Abundance of ammonia-oxidizing bacteria and archaea under different ventilation strategies during cattle manure composting. J. Environ. Manag. 212, 375–383. doi: 10.1016/j.jenvman.2018.02.032 

 Yang, T., Lupwayi, N., Marc, S. A., Siddique, K., and Bainard, L. D. (2021). Anthropogenic drivers of soil microbial communities and impacts on soil biological functions in agroecosystems. Glob. Ecol. Conserv. 27:e01521. doi: 10.1016/j.gecco.2021.e01521

 Ye, R., and Wright, A. L. (2010). Multivariate analysis of chemical and microbial properties in histosols as influenced by land-use types. Soil Tillage Res. 110, 94–100. doi: 10.1016/j.still.2010.06.013

 Zhalnina, K., Dias, R., de Quadros, P. D., Davis-Richardson, A., Camargo, F. A. O., Clark, I. M., et al. (2015). Soil pH determines microbial diversity and composition in the park grass experiment. Microb. Ecol. 69, 395–406. doi: 10.1007/s00248-014-0530-2 

 Zhang, H., Bai, N., Sun, H., Zhou, S., Zheng, X., Li, S., et al. (2019). Spatial and temporal responses of ammonia-oxidizing bacteria and archaea to organic amendments in rice-wheat rotation system. Appl. Soil Ecol. 139, 94–99. doi: 10.1016/j.apsoil.2019.03.023

 Zheng, Q., Hu, Y., Zhang, S., Noll, L., Böckle, T., Dietrich, M., et al. (2019). Soil multifunctionality is affected by the soil environment and by microbial community composition and diversity. Soil Biol. Biochem. 136:107521. doi: 10.1016/j.soilbio.2019.107521 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The dependent correlation between soil multifunctionality and bacterial community across different farmland soils



		1. Introduction



		2. Materials and methods



		2.1. Sites description and soil sample collection



		2.2. Soil physicochemical properties’ analyses



		2.3. Microbial parameters



		2.3.1. Soil DNA extraction and bacterial community analysis



		2.3.2. Microbial CLPPs and soil enzymes’ activity



		2.3.3. Soil potential nitrification rate









		2.4. Statistics analysis









		3. Results



		3.1. Difference in soil characteristics across five farmland zones



		3.2. Difference in soil bacterial community across five farmland zones



		3.3. Dependent relationship between soil environments, bacterial communities, and functions









		4. Discussion



		4.1. Factors shaping soil bacterial distribution across different climatic zones



		4.2. Dependent relationship between soil bacterial community and functions









		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-14-1144823-t002.jpg
Microbial

variables

DHA (mgkg™* ™)
URE (mgkg™" h™')
PHOS (mgkg™ h™')
PNR(mgg™'d™")
AWCD (ODss)
cLep

cLpp2

Bacteriall
Bacterial2

Chao

Shannon

250£0.13b
454842374
64.04:£472b
9.78£051d
1.20£0.06¢
0.31£0.47¢
030£0.07d
0.12£0.01b
0050012
19231006

9.90£0.52

1.8420.10a
1129£0.59%
80.2724.18¢
27040.15b
1.54£0.08¢
0.07:£0.03
0.30£0.20d
0.29£001c
0.3240.03¢
2086+ 108b

999052

241£0.13b
4156£2.16c
22924119
10.700.56d
0.68£0.042
0.19+0.14d
013004
0.48+0.02d
0.2040.03b
1,524£7%

9194048

439023
1092£0.57a
89.27£4.65¢
18420.10a
138£007d
008+0.11a
027£0.12¢
002£001a
0.43£0.00d
2317120

1009£0.53b

435£023¢
30.08£157b
77.03£401c
4314023
0.83£0.04b
0.14£0.07b
0.12£0.11a
0.09£0.02b
0040022
2,596+ 135d

10.44£0.55b





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

The dependent correlation
between soil multifunctionality
and bacterial community across
different farmland soils












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1144823-g004.jpg
maximum distance

°®

sx
L— s 8 2
K
§
H
" 2
& 0
°
]
w :
%
x
T N -4
Bray-Curtis distance Relative abundance

-50

25 00
X-variate 1: 49% expl. var

25





OPS/images/fmicb-14-1144823-g005.jpg
X-variate 2: 22% expl. var

Maximum distance

Legend
O sD
AFJ

x LN
o 8X

&
OO
Zo
XXX
A
A
A
2 B 2

X-variate 1: 49% expl. var

Dim2 (21.7%)

&

-4

L3
%

Bactorialt

Dim1 (49.1%)






OPS/images/fmicb-14-1144823-g002.jpg
Soil samples

SD1
SD2 Cinnamon soil

SD3 —-

LNI1
LN2 Black soil

Semi humid area

LN3 —

SX1
SX2 Loess soil

Semi arid area

SX3——

FJ1
FJ2 Red earth

FJ3 e
JX1

Humid area

X2 Paddy soil
X3

4

Euclidean distance





OPS/images/fmicb-14-1144823-g003.jpg
Dim2 (22.7%)

05-

o
S

-05-

~10-

00

Dim1 (62.8%)

Dim2 (22.7%)

Dim1 (62.8%)





OPS/images/fmicb-14-1144823-t001.jpg
Parameters Sampling sites

JIX
Latitude °N 3682 2598 2835 4168 3429
Longitude °E 1180 11938 1617 12358 108.07
MAT “c 1473 2333 2000 10.00 1467
MAP m 925,67 1467.33 1562.67 73833 662.67
Cropping Wheat/Peanut Orchard Fallow field Corn Wheat/Corn
Nitrogen Fertilizer* kg/hm? 2511 3352 1205 1926 247
Phosphors Fer kg/hm? 976 1804 45 645 103
Soil type - Cinnamon Red earth Paddy soil Meadow soil loessal soil
pH - 817 (0.04)d 6.04(0.08)> 474(0.07)a 667 (0.07)c 855 (0.10)¢
Clays % 5.1(0.08)b 7.64 (141)d 4.04(1.06)a 7.26 (1.52)d 594 (046)c
oM gkg! 2978 (146)c 1291 0.24)b 7.23 (0.7 3801 (175)c 12,67 (148)b
™N gkg! 207 (0.19)c 127 (0.04)b 164 (0.17)c 131 0.05)b 115 (0.06)a
™ gkg! 138 (0.04)c 225 (0.07)d 151 (0.11)¢ 112(0.03)b 0.70 (0.04)a
LIN mgkg! 9.53 (045)b 1132 (0.09)c 7.28 (0.29% 1081 (0.26)c 15.68 0.47)d
LON mgkg™! 90.06 (437)b 108.71 (3.15)c 7358 (0.67)a 10158 (3.40)c 145.15 (11.33)d
Lp mgkg” 7.5 (048)c 441 (0.12)b 295 (0.09 9.46 (0.17)e 878(0.33)d
LOP mgkg! 1132 (0.28)c 9,07 (0.10)b 684(0.17)a 1473 (L14)d 16.21 (023)c

* s the average value of agricultural fertlization for one crop.





OPS/images/fmicb-14-1144823-g006.jpg
MAT

4
2 3

53 g z & & & &
N - AN
/.

\ /o.se ) MAP
o < Mantefs p
“ 089 | pH = <001
N == o01-005
Bacteria - v
Ny
) 079 | 037

&)

07,/ om

Mantel's 1

— <02

-—02-04
- sos

‘Shannon Pearson's r

LoN
05

00

e

LOP





OPS/images/fmicb-14-1144823-g007.jpg
P B "
§98% §°s g 883
$000 2110 EEC @
-
£ % z5¢rz3¢p 8333
2
— BN T NEIE N

um@,

y H
g

CLPP ©

AWCD

S Shanion





OPS/images/fmicb-14-1144823-e001.jpg
e (N0 -N) ~o(NOy - N) N





OPS/images/fmicb-14-1144823-g001.jpg
[ Avid area
[ Semi arid area
[ Semi humid area >
[ Humid area






