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Abstract

:

Urbanization alters land uses and creates heterogeneous environmental conditions in cities and their surroundings, which may directly or indirectly impact soil microorganisms. However, how urbanization affects soil bacterial diversity and community composition, particularly in different land use types, remains largely unknown. In this study, we collected 36 soil samples (18 forest and 18 grass soils) along a rural-suburban-urban gradient in Chang-Zhu-Tan agglomeration. The bacterial diversity and community composition were investigated using 16S rRNA gene sequencing that targeted the V3-V4 region. Our results showed that urbanization induced shifts in bacterial diversity and community composition in both forestlands and grasslands. Specifically, soil bacterial diversity was higher in urban areas than in their suburban and rural counterparts in forests and grasslands, particularly in forests, where significant increases were detected. Urbanization changed the most dominated soil bacterial community from Acidobacteria to Proteobacteria in forestland. Significant decrease and increase were observed in the relative abundance of Acidobacteria (e.g., Acidobacteriales, Acidobacteriia_Subgroup2 and Solibacterales) and Proteobacteria (e.g., Betaproteobacteriales, Myxococcales and Sphingomonadales), respectively, in the forests with increasing urbanization intensity. In contrast, Proteobacteria always dominated the soil bacterial community along the rural-suburban-urban gradient in grassland, and significant decrease and increase in Nitrospirae and Latescibacteria were induced by urbanization, respectively. In addition to urbanization and total nitrogen, total organic carbon and ratio of carbon and nitrogen were the main factors that related with the bacterial community in forest soils, whereas soil water content was the main factor related with soil bacterial community in the grasslands. Together, our results indicate that the urbanization results in shifts in bacterial community composition and diversity, but the extent varied between forest and grassland, which may due to different human management intensity.
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1. Introduction


With massive transition of human population from rural to urban areas, urban spaces are expanding at an unprecedented rate, resulting in physical geomorphological changes associated with urban building constructions, roads, disturbances and pollution caused by human activities [1,2].The habitat disturbance and land cover change caused by urbanization are profoundly affecting biodiversity due to the change of vegetation and increase of human activity [2,3,4], which also contributes to biodiversity homogenization [5]. Many studies have documented that urbanization induced changes in diversity and community composition of macroorganisms, such as birds, plants, and arthropods [6,7,8]. However, the response of soil microbial communities to urbanization remains controversial [1,9,10].



Soil bacteria play a crucial role in soil nutrient cycles and ecological processes [11]. Urbanization caused disturbances to soil physicochemical environment and ultimately results in changes of bacterial communities [12]. However, the extent to which soil bacterial diversity and community composition respond to urbanization remains controversial. Some studies reported that the diversity of soil bacteria was higher in urban areas than that of rural areas [13,14,15], while other studies documented little or no difference between urban and rural soils [16,17,18]. Moreover, some studies reported that urbanization could affect the composition of bacterial community in urban grassland [19] or influence activity of bacteria in urban greenspace [15]. Furthermore, land use type plays a crucial part in affecting the bacterial community composition structure and diversity [10,20,21]. Nonetheless, the extent to which bacterial communities respond to urbanization in different land cover types is not well understood.



Soil bacterial community are known to be influenced by a range of factors, such as pH, plant diversity, soil moisture, heavy metals, altitude gradients, climate change factors (e.g., CO2), temperature rise and precipitation [22,23,24,25,26,27,28]. In contrast to other ecosystems, soil bacteria in urban ecosystems can be disturbed by a lot of external factors linked to urbanization, such as city population, urban heat island effect, soil sealing, soil compaction, physical disturbance and the use of technosols [13,29,30,31]. Previous studies found that urbanization could shift the bacterial communities through affecting soil properties in grassland soils [1] or in forest soils [32]. Xu et al. [18] found that the geographic factors also played an important role in affecting bacterial communities in urban park soils. Moreover, the urban economic development levels were also important factors that impact bacterial diversity and community composition [32].



China has experienced rapid urbanization on an unprecedented scale in the past decades, in parallel with the boom of human populations and buildings [1,2]. Accompanying with increased urban buildings, more and more natural vegetation has been replaced with impervious surfaces in urban areas [33]. The impervious surfaces induced changes in bacterial community composition and decrease of bacterial diversity in different urban land cover types (concrete, permeable pavement, shrub coverage, lawns, and roadside trees) [34]. In addition, urban green space soils from different ring roads were investigated, and it is found that urban development changes the bacterial diversity and community composition [13]. However, understanding the key factors that altered soil bacterial communities in the process of urbanization, particularly in different land cover types, remains largely unexplored.



In this study, soil samples were collected from the Chang-Zhu-Tan urban agglomeration along a rural-suburban-urban gradient and the bacterial community composition and diversity were investigated by using bacterial 16S rRNA gene sequencing. We aimed to answer the following key questions: (1) Do soil bacterial diversity and community composition change along a rural-suburban-urban gradient? (2) Will bacterial communities of forestland and grassland respond to urbanization differently or not? (3) What are the main drivers of these changes? We hypothesized that urbanization would affect both the bacterial diversity and community composition, but such effects might be different between forests and grasslands.




2. Materials and Methods


2.1. Soil Sampling and Soil Properties


The study sites were located in the Chang-Zhu-Tan agglomeration of Hunan Province, which is in the middle and lower reaches of Xiangjiang River (27°36′∼28°33′ N, 112°36′ ∼ 113°16′ E) (Figure 1). This area has a subtropical monsoon climate with average temperature of 16.5 °C and an annual precipitation of 1448 mm. As an important economic center in South China, the Chang-Zhu-Tan agglomeration has experienced rapid economic growth and urbanization. The soil type is red and the soil texture is sandy and loam.



In the present study, the urbanization intensity was calculated based on the impervious surface of the city using ArcGIS. The impervious surface dataset was obtained from the Fine Resolution Observation and Monitoring-Global Land Cover System which was released by Tsinghua University (http://data.ess.tsinghua.edu.cn/, accessed on 20 March 2019). The data set contains China’s impervious surface data from 1978 to 2017 (resolution of 30 m) and the 2017 land use cover data set (resolution of 10 m). The intensity of urbanization is determined by the proportion of pixels that fall into the impervious surface in the overlay window of 30 m × 30 m, and then resample them to 250 m, 1000 m, 2000 m and 5000 m resolution in ArcGIS 10.4 (Table S1). To better represent the impact of urbanization intensity, 4 urbanization coefficients R1, R2, R3 and R4 were used in this study which represent the urbanization intensity at 250 m, 1 km, 2 km and 5 km resolution, respectively.



We selected evergreen and deciduous mixed forests along the rural-suburban-urban gradient, which were dominated by Cinnamomum camphora (L.) J.Presl, Phoebe zhennan S.K.Lee & F.N.Wei, Cunninghamia lanceolate (Lamb.) Hook and Pinus massoniana Lamb. The grasslands along the rural-suburban-urban gradient were dominated by Poa annua Linn., Cynodon dactylon (L.) Pers., Alopecurus aequalis Sobol., Trifolium repens Linn., Viola philippica Cav., Oxalis corniculata Linn.. Soil samples were collected in April, 2019, and there were 18 sampling sites in this study (6 urban sites, 6 suburban sites, 6 rural sites) (Figure 1 and Table S1). In each sampling site, 3 soil sampling plots (5 × 5 m) of forestlands and 3 sampling plots (5 × 5 m) of grasslands were randomly established. In each plot, surface (0–20 cm) soil samples were collected at five points randomly with at least 1 m apart using a Dutch auger (5.0 cm diameter). Soil samples from the same site were homogenized and pooled into one composite sample. Thus, a total of 36 soil samples (18 forest and 18 grass soils) were collected and sealed in plastic bags immediately, transported in a cold container to the laboratory. The soil samples were sieved (2 mm) to remove roots and stones, and then were subdivided into three portions: one was air dried for the assessment of soil properties; one was stored at 4 °C for measuring soil microbial biomass (N and P); and the last portion was quickly frozen in liquid nitrogen and stored at −80 °C for molecular analysis.



Soil microbial biomass (N and P) were determined by fumigation extraction method [35,36]. Soil microbial biomass nitrogen (SMBN) was determined by microkjeldahl method [37], and soil microbial phosphorus (SMBP) was determined by ammonium molybdate stannous chloride method [38]. Soil pH was determined in 1:2.5 soil: water (w/v) suspension after 30 min of incubation using a pH meter PHS-3C (INESA instruments Inc., Shanghai, China). Soil organic carbon (SOC) was determined with K2Cr2O7 oxidation method [39]. Total nitrogen (TN) was determined by automatic flow injection after digestion in H2SO4. Total phosphorus (TP) was determined by the molybdenum antimony colorimetric method. Concentrations of heavy metal elements (As, Cd, Cr, Cu, Mn, Ni, Pb and Zn) were analyzed using a strong acid (HNO3-HClO4) pseudo-total digestion method [40], determined by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES; Optima 7000 DV, PerkinElmer, Waltham, MA, USA). Soil water content (SWC, %, g of water per 100 g dry soil) was measured by oven-drying the soil for 48 h at 105 °C.




2.2. DNA Extraction, Amplification and Sequencing


Soil DNA was extracted from fresh 0.5 g soil using FastDNA™ Spin Kit for Soil (MP Biomedicals, Goddard Irvine, CA, USA) following the manufacturer’s instructions. The concentration and purity of DNA were quantified by using a NanodropND-1000 (Wilmington, DE, USA). The V3-V4 region of the bacterial 16S rRNA gene was amplified by the primer set of 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [41]. The Polymerase Chain Reaction (PCR) was performed in triplicate in a volume of 50 μL with 1 μL (10 μmol L−1) of forward and reverse primers, 25 μL 2×Power Taq Master Mix, 2 μL (20 ng μL−1) of template DNA, and made up to the volume with sterile water. PCR program was as follows: 94 °C for 5 min, then cycle 30 times, 94 °C for the 30 s, 52 °C for 30 s, 72 °C for 30 s, and finally expansion at 72 °C for 10 min. The resulting PCR products were mixed together, and further evaluated by 2% agarose gel electrophoresis. The targeted DNA fragments were excised and purified using second-hand E.Z.N.A. ® gel extraction kit. According to the manufacturer’s recommendations, the purified amplicons were pooled in equimolar ratios and sequenced on an Illumina Hiseq PE250 platform (Guangdong McJean Biotechnology Co., Ltd., Guangzhou, China), generating paired-end reads (2 × 250 bp). The raw reads in this study were deposited in the GenBank Sequence Read Archive (SRA) (Accession Number: SRP200598).



The raw sequences were quality trimmed using fastp v0.19.6, and merged by FLASH v1.2.11 (Fast Length Adjustment of SHort reads). The USEARCH 6.1 was used to identify and remove the chimeric sequences [42]. The remaining high-quality reads were clustered into Operational Taxonomic Units (OTUs) with 97% sequence similarity cutoff using UPARSE v7.0.1090 [43]. The OTU tables were rarefied to the sequence number corresponding to the sample with the least sequences (29,485 and 25,268 in forestland and grassland, respectively) before downstream analyses. The taxonomy of each sequence was analyzed by Ribosomal Database Project (RDP) Classifier v2.11 against the Silva 128 database using a confidence threshold of 0.7.




2.3. Statistical Analysis


Statistical analyses were carried out in R v.4.1.1 (R Core Development Team 2008) and results were considered significant when p values < 0.05. Soil properties and alpha diversity indexes including Richness, Shannon, Chao1 and Simpson were calculated in vegan with R software [44]. The differences were tested using one-way analysis of variance (ANOVA) and followed by post hoc Tukey Honestly Significant Difference (HSD) tests for significance. Data were transformed (natural log, square root, or rank) when required to meet assumptions of normality and homogeneity of variance. The non-metric multidimensional scaling (NMDS) analysis, based on the Bray–Curtis dissimilarity distance index, was conducted to analyze the variations in the bacterial community structure (sequences were rarefied and log transformed) using Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA). The nonparametric multivariate analysis of variance (ADONIS) was used to evaluate the significant differences of microbial community structure along urban-suburban-rural gradient at the OTU level using vegan package in R [44]. The distance based redundancy analysis (db-RDA) was conducted to analyze the relationships between bacterial communities and environmental factors at the OTU level in forestland and grassland using Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA). Structural equation model (SEM) analysis was constructed to analyze both the direct and indirect effects of urbanization on bacterial communities by using the lavaan package in R [45]. To improve normality, all data that used in SEM were standardized and transformed. We then generated a priori model, which included soil SWC, spatial (spatial variables), soil (soil nutrients), metal (soil heavy metal: As, Pb, Zn, Cu, Cd, Cr), urban (urban impervious surface values: R1, R2, R3, and R4 represent the 250 m, 1 km, 2 km, and 5 km resolutions in the calculation of urbanization intensity in ArcGIS 10.4, respectively), and bacterial community (diversity index and dominant group abundance). Spatial analysis was performed by using the dbmem function in the adespatial package in R (distance-based Moran feature vector graph analysis) [46], and the selected significant factors were used for further analysis. The regression weights, correlations and covariances were calculated using the maximum likelihood estimation method. The model was tested by the chi-square goodness-of-fit statistic and its associated p value [47]. The model fit was improved iteratively through removing or adding relationships between observed variables, minimizing the probability of spurious results because of multicollinearity, until the Chi-square test of the model is not significant (p > 0.05).





3. Results


3.1. Soil Properties along the Rural-Suburban-Urban Gradient


The variations of soil properties along the urbanization intensity gradients are shown in Table 1. The soil TOC, TN and SWC tended to decrease with the increase of urbanization intensity in both forestland and grassland (Table 1), and their lowest values were observed at the urban sites (UF and UG). The soil pH increased along the urbanization intensity gradient in both forestland and grassland (Table 1). The content of soil heavy metals (e.g., Cd, Pb, and Zn) increased along the urbanization intensity gradient in both forestland and grassland.




3.2. Impact of Urbanization on Soil Bacterial Diversity


The data in Figure 2 showed the diversity indexes along the urbanization intensity gradient in forestland and grassland. In forestland, the indexes of richness, Shannon and Chao1 were significantly higher in urban plots (UF) than that in suburban and rural plots (RF and SF) (p < 0.05, Figure 2), and the index of Simpson was significantly lower in UF than in RF and SF (p < 0.05), indicating that soil bacterial diversity was significantly affected by urbanization in forestland. Although no significant differences were detected, soil bacterial diversity showed an increasing trend along the rural-suburban-urban gradient in grassland (p > 0.05). Additionally, grassland persistently showed a higher bacterial diversity than forestland under each urbanization intensity level (Figure 2).




3.3. The Responses of Soil Bacterial Community Compositions to Urbanization


After all the bioinformatics steps, the remaining 5,548,698 (46,239 in average) and 5,239,946 (43,666 in average) high-quality sequences were grouped into 242,617 and 296,924 OTUs at 97% identity threshold in forestland and grassland, respectively. All OTUs were assigned into ten phyla and twenty orders, respectively, except for the group of ‘others’ (Figure 3a,b).



Urbanization was related with shifts in the bacterial relative abundance in forests and grasslands (Figure 3 and Table S2). In comparison with rural areas, the most dominated soil bacterial community changed from Acidobacteria (42.8%) to Proteobacteria (32.0%) in urban forestland (Figure 3a and Table S2). In contrast, Proteobacteria (32.1%–33.1%) always dominated the soil bacterial community along the three urbanization levels in grassland (Figure 3a and Table S2). The relative abundance of Acidobacteria decreased significantly from rural forests to urban forests (p < 0.05), while the relative abundances of Bacteroidetes, Nitrospirae and Latescibacteria increased significantly by urbanization in forestland (p < 0.05, Figure 3a and Table S2). In grassland, urbanization caused significant decrease in the relative abundances of Nitrospirae, but significant increase in Latescibacteria (p < 0.05, Figure 3a and Table S2). In addition, Urbanization induced significant decrease in the relative abundance of Acidobacteriales, Acidobacteriia_Subgroup_2 and Solibacterales (which all belong to Acidobacteria), and increased the relative abundance of Betaproteobacteriales, Myxococcales and Sphingomonadales (which all belong to Proteobacteria) in forestland (p < 0.05, Figure 3b and Table S2).



The NMDS analysis further showed the variations in the bacterial community structure in the three land use categories of forestland and grassland (Figure 3c,d). The ADONIS analysis revealed significant variability in bacterial community structure across different urbanization intensity gradients in forestland (F = 4.931, p < 0.01, Figure 3c). Moreover, significant difference in the bacterial communities was also detected among three urbanization levels in grassland (F = 1.694, p < 0.05, Figure 3d).




3.4. Relationship between Environmental Factors and Soil Bacterial Community


Distance-based RDA (db-RDA) analysis was used to reveal the relationships between bacterial community structure and environmental factors in forestland and grassland (Figure 4). The results showed that the composition of bacterial communities were related with multiple factors, and these characteristics could explain approximately 22.96% and 17.83% of the variations in the distribution of bacterial communities in forestland and grassland, respectively. Furthermore, soil TOC, TN, C/N and urbanization (coefficients R3) were the main factors that coincided with the bacterial community in forest soils (Figure 4a), whereas SWC, TN and urbanization (coefficient R3) were the main factors related with soil bacterial community in grassland (Figure 4b).



Structural equation model (SEM) analysis was employed to explain direct and indirect impacts of urbanization on bacterial diversity and the abundance of the two most dominant phyla (Figure 5). In forestland, the urbanization intensity (urban) showed robustly direct effects on Chao1, Shannon, Acidobacteria and Proteobacteria with the path coefficients being 0.41, 0.47, −0.77 and 0.53, respectively (Figure 5a). However, the indirect influence of urbanization on Chao1, Shannon, Acidobacteria and Proteobacteria via soil nutrients (path coefficient = 0.04, 0.08, −0.08 and 0.37, respectively) and heavy metals (path coefficient =0.03, −0.05, 0.27 and −0.35, respectively) was much weaker (Figure 4a). In grassland, urbanization showed similar direct (path coefficient = −0.01, −0.09, 0.05 and −0.21, respectively) and indirect effects via soil nutrients (path coefficient = −0.10, −0.13, 0.08 and 0.27, respectively) and heavy metals (path coefficient = −0.11, −0.08, 0.05 and −0.21, respectively) (Figure 5b). These results indicated that urbanization not only affect bacterial diversity and community composition directly, but also affect them by influencing soil environmental factors in both forest and grassland.





4. Discussion


4.1. The Influence of Urbanization on Diversity and Composition of Bacterial Communities


Our results showed that the diversity of soil bacterial communities increased significantly from rural forests to urban forests, and an increasing trend was also observed in soil bacterial diversity from rural grasslands to urban grasslands (Figure 1). This was consistent with previous studies [13,14], which showed that the soil bacterial diversity was increased by urbanization. However, Xu et al. [18] found that urbanization only affected soil bacterial community composition, but not their diversity, suggesting that the impact of urbanization on bacterial diversity is highly context-dependent. It was also determined that urbanization intensities suppress some bacterial species while promoting others, suggesting that the disturbance could result in environmental heterogeneity, creating more niches for species coexistence [48]. Moreover, a higher bacterial diversity helps maintaining ecosystem stability due to the high functional redundancy of bacterial communities [14,49].



Meanwhile, the bacterial community composition was shifted by urbanization in both forest and grassland, which was consistent with our hypothesis. Previous study also found that urbanization could change the composition of bacterial communities in urban park [18]. In this study, the relative abundances of Acidobacteria decreased while Proteobacteria increased by urbanization, particularly in forestland (Figure 2). Acidobacteria is considered to be a broad and phylogenetically diverse phylum, and they are abundant in acidic soils with high organic matter [50]. The rural soils were more acidic than that of urban soils in both forestland and grassland in this study (Table 1), which might enrich more Acidobacteria in rural soils. Proteobacteria contains many taxa that are highly sensitive to changes in soil properties [28]. SEM analysis showed that the relative abundance of Proteobacteria was strongly correlated with soil properties nutrients and soil heavy metals in both forestland and grassland (Figure 5). Thus, the changes in soil properties might have large impact on the abundance of Proteobacteria during the process of urban development.



The db-RDA analysis suggested that soil total nitrogen was a crucial factor that driving the bacterial community changes along the rural-suburban-urban gradient in both forestland and grassland (Figure 3). Nitrogen is an essential element for all living organisms due to its crucial role in biosynthesis of key cellular components [51]. Previous study showed that soil nitrogen was one important limiting factor for the bacterial communities [28]. Thus, the significant decreases in soil total nitrogen caused by urbanization might result in changes in the micro-environment [52], which might influence the bacterial communities in forestland and grassland. Moreover, soil heavy metals were also important environmental factors that influencing bacterial community composition and diversity in different land-use types [34]. The heavy metals (e.g., Cd, Pb, and Zn) were significantly enriched in urban forest soils (Table 1). The heavy metal enrichment in soil may be caused by construction debris and garbage generated during the construction process of the city [53]. In addition, a series of human activities, such as coal burning and automobile exhaust, are also the main sources of heavy metals in the urban soil [27,40]. As a result, urban development may lead to changes in the soil environment, resulting in a change in the micro-environment for bacterial communities.




4.2. Differences in the Composition and Diversity of Bacterial Communities between Forests and Grasslands


Our results revealed that the grass soils persistently showed a significantly higher bacterial diversity than forest soils under each urbanization level (Figure 1). This was consistent with previous studies which showed that land use affected the bacterial diversity [54,55]. Nacke et al. [56] also found the higher bacterial diversity in grass soils than in forest soils. Different with forests, grasslands have more intensive management practices including fertilization, irrigation, grazing, cutting or reseeding [57]. The fertilization may change soil nutrient status, and further soil microbial diversity in grasslands [58].



Nacke et al. [56] observed that the bacterial communities were different between forestland and grassland, suggesting that the bacterial communities were influenced by soil properties caused by vegetation diversity and heterogeneity [56,59]. Our study highlighted some taxa that were significantly different between forestland and grassland. Particularly, the relative abundance of Acidobacteriales, Acidobacteriia_Subgroup_2 and Solibacterales, which all belong to Acidobacteria, was significantly lower in forestland than that in grassland (Figure 2). It was found that Acidobacteria prefer more acidic environments [50], so the lower soil pH in forest soils might enrich more Acidobacteria. In addition, the abundance of Nitrospirae was significantly lower in forestland than that in grassland (Figure 2 and Table S2). Nitrospirae, the oligotrophic bacteria, were found in higher amounts in neutral and alkaline soils than in acidic soils [60]. Moreover, soil Nitrospirae could be affected by urban pollutants, such as heavy metals and permanent organic pollutants [61]. Thus, the lower abundance of Nitrospirae might be attributed to lower pH and organic matter contamination in forest soils.



Interestingly, we found that the main driving factors of soil bacterial community in forestland and grassland were also different. Except urbanization and TN, TOC and C/N were the main factors influencing the bacterial community in forest soils (Figure 3). The bacterial communities, such as groups belonging to Acidobacteria and Proteobacteria, are highly sensitive to changes in soil properties such as total organic carbon content and total nitrogen [28]. Thus, the changes in soil properties might result in changes in the micro-environment [52], which might influence the bacterial communities in forest soils. However, in grassland, SWC was main factor driving soil bacterial community besides urbanization and TN (Figure 3). In this study, soil SWC presents a significant decrease along the rural-suburban-urban gradient in grassland (Table 1). Previous study demonstrated that soil moisture was closely related to microbial community structure and enzyme activities, indicating that the important role of soil water availability in affecting bacterial community [62]. The significant lower moisture of urban grass soils might be due to the soil moisture evaporation caused by the urban heat island effect, as well as increase of impermeable surface in urban areas [18]. In comparison with forests, grasslands are managed more intensively, such as grazing, fertilization, irrigation, cutting or reseeding [59], which indicating that these human managements may affect soil properties, thus affect soil microbial communities in grasslands [58]. However, there are still many variables, such as vegetation composition and diversity, temperature, differences in dispersal along the rural-suburban-urban gradient, should be considered in future study to explore why forest and grass soil bacteria respond to urbanization differently. In addition, urban forests and grasslands play a positive role in alleviating the impacts of urbanization, which has multiple ecological benefits, such as regulation of urban microclimate, absorption of carbon and release of oxygen, and decrease of heat island effect [14,63]. Therefore, our data contributes to understanding the effect of urbanization on soil bacterial community, which will be helpful for effective management of urban greenspace ecosystems.





5. Conclusions


The dominant bacterial phyla in this study were Acidobacteria, Proteobacteria, Chloroflexi and Actinobacteria. The diversity of soil bacterial communities increased along the urbanization intensity gradient in both forestland and grassland, particularly in forests, where significant increases were detected. Additionally, grassland persistently showed a significantly higher bacterial diversity than forestland under each urbanization level. In addition, urbanization decreased the relative abundances of Acidobacteriales, Acidobacteriia_Subgroup_2 and Solibacterales (which all belong to Acidobacteria), and increased the relative abundances of Betaproteobacteriales, Myxococcales and Sphingomonadales (which all belong to Proteobacteria) in forestland. However, the most dominated bacterial phylum was always Proteobacteria along the rural-suburban-urban gradient in grassland. Significant decrease and increase in Nitrospirae and Latescibacteria were caused by urbanization in grassland, respectively. Furthermore, TOC, TN, C/N and urbanization were the main factors that influenced the bacterial community in forest soils, while SWC, TN and urbanization were main factors affecting soil bacterial community in the grassland. Our results suggest that the urbanization results in large and significant shifts in bacterial community composition and diversity in forestland, whereas urbanization has relatively weaker effects on grass soil bacteria, which may due to an increasing human management intensity in grass soils. Our data improve our understanding of how soil bacteria respond to urbanization in different land use types, which may provide guidelines for effective management of urban greenspace ecosystems.
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Figure 1. Map of sampling sites along the rural-suburban-urban gradient in Chang-Zhu-Tan agglomeration. The yellow triangles represent rural areas, black triangles represent suburb areas, and green triangles represent urban areas. 
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Figure 2. Box plot indicating bacterial alpha diversity indexes of richness (a), Shannon (b), chao1 (c) and Simpson (d) in different land cover categories. * p < 0.05, ** p < 0.01, ‘ns’ represent no significant difference. The box plot shows the percentiles of 25, 50 and 75. The upper limit of the box chart does not exceed 1.5 quartile value, and the lower limit is at least 1.5 quartile value. RF, SF, UF, RG, SG and UG represent rural forestland, suburban forestland, urban forestland, rural grassland, suburban grassland and urban grassland, respectively. 
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Figure 3. Relative abundance of the bacterial community at the phylum (a) and order (b) level along the rural-suburban-urban gradient; and the non-metric multidimensional scaling (NMDS) analysis of the bacterial community in forestland (c) and grassland (d) at the OTU level. Groups with <1% sequence number were merged into the “Others” taxa. RF, SF, UF, RG, SG and UG represent rural forestland, suburban forestland, urban forestland, rural grassland, suburban grassland and urban grassland, respectively. 
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Figure 4. Distance based redundancy analysis (db-RDA) showing the relationships between bacterial communities and environmental factors in forestland (a) and grassland (b) at the OTU level. RF, SF, UF, RG, SG and UG represent rural forestland, suburban forestland, urban forestland, rural grassland, suburban grassland and urban grassland, respectively. 
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Figure 5. Structural equation model (SEM) of soil environmental factors effects on bacterial diversity and dominant group abundance in forestland (a) and grassland (b). Green and red arrows represent positive and negative effects, respectively, with the thickness indicating the extent of influence. Values associated with the arrows represent standardized path coefficients. Spatial, spatial variables; soil, soil nutrients; metal, soil heavy metals; urban, urbanization intensity; Acidobacteria, relative abundance of Acidobacteria; Proteobacteria, relative abundance of Acidobacteria; R1, R2, R3, and R4 represent the 250 m, 1 km, 2 km, and 5 km resolutions in the calculation of urbanization intensity, respectively. 
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Table 1. Soil properties in forestland and grassland along the rural-suburban-urban gradient (mean ± SE, n = 6).
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Forestland

	
Grassland




	

	

	
U1

	
U2

	
U3

	
U1

	
U2

	
U3






	
pH

	
/

	
6.15 ± 0.28 ab

	
6.67 ± 0.21 a

	
6.75 ± 0.18 a

	
6.54 ± 0.17 a

	
6.79 ± 0.17 a

	
6.85 ± 0.17 a




	
TOC

	
g/kg

	
19.46 ± 1.0 a

	
15.49 ± 0.94 b

	
13.1 ± 1.13 bc

	
14.71 ± 1.14 b

	
14.58 ± 1.06 bc

	
11.80 ± 0.71 c




	
TN

	
g/kg

	
2.00 ± 0.15 a

	
1.46 ± 0.12 bc

	
1.44 ± 0.11 bc

	
1.71 ± 0.16 ab

	
1.29 ± 0.1 c

	
1.18 ± 0.11 c




	
TP

	
g/kg

	
0.83 ± 0.11

	
0.71 ± 0.08

	
0.86 ± 0.12

	
0.85 ± 0.06

	
0.75 ± 0.09

	
0.73 ± 0.08




	
C/N

	
/

	
10.36 ±0.58 ab

	
11.62 ± 0.72 ab

	
9.17 ± 0.63 b

	
9.39 ± 0.96 ab

	
12.04 ± 1.03 a

	
11.03 ± 1.1 ab




	
N/P

	
/

	
2.74 ± 0.19 a

	
2.55 ± 0.39 a

	
1.96 ± 0.22 ab

	
2.17 ± 0.22 a

	
1.93 ± 0.17 ab

	
2.53 ± 0.98 a




	
SWC

	
%

	
17.4 ± 0.94 ab

	
16.3 ± 0.8 b

	
16.3 ± 0.91 b

	
18.94 ± 1.76 a

	
17.22 ± 0.65 ab

	
15.6 ± 0.53 b




	
SMBN

	
mg/kg

	
14.82 ± 2.78

	
12.69 ± 2.06

	
10.94 ± 2.47

	
14.52 ± 2.15

	
12.86 ± 2.74

	
13.08 ± 2.72




	
SMBP

	
mg/kg

	
0.35 ± 0.08

	
0.49 ± 0.204

	
0.32 ± 0.13

	
0.31 ± 0.07

	
0.76 ± 0.33

	
0.31 ± 0.07




	
As

	
mg/kg

	
53.86 ± 0.83

	
55.34 ± 0.738

	
55.71 ± 1.05

	
54.14 ± 0.74

	
55.98 ± 0.95

	
54.61 ± 0.55




	
Cd

	
mg/kg

	
0.71 ± 0.01 b

	
0.76 ± 0.02 ab

	
0.88 ± 0.06 a

	
0.74 ± 0.02 b

	
0.76 ± 0.02 ab

	
0.81 ± 0.03 ab




	
Cr

	
mg/kg

	
243.84 ± 2.22

	
252.74 ± 2.87

	
247.12 ± 3.16

	
252.1 ± 3.92

	
254.26 ± 3.28

	
246.4 ± 2.6




	
Cu

	
mg/kg

	
98.3 ± 2.3

	
101.01 ± 1.78

	
99.79 ± 1.9

	
103.47 ± 2.78

	
103.51 ± 2.25

	
97.18 ± 1.45




	
Mn

	
mg/kg

	
425.14 ± 47.9

	
460.79 ± 32.73

	
480.27 ± 32.01

	
498.61 ± 39.96

	
494.69 ± 45.21

	
450.89 ± 37.63




	
Ni

	
mg/kg

	
106.69 ± 1.43 b

	
112.15 ± 1.46 ab

	
111.37 ± 1.69 ab

	
110.78 ± 1.77 a

	
112.8 ± 1.38 ab

	
111.1 ± 2.19 ab




	
Pb

	
mg/kg

	
117.12 ± 2.36 b

	
120.79 ± 2.11 b

	
135.18 ± 7.5 a

	
119.31 ± 2.9 b

	
120.4 ± 3.01 b

	
119.22 ± 3.24 b




	
Zn

	
mg/kg

	
348.2 ± 6.78 b

	
361.26 ± 7.16 b

	
396.87 ± 18.54 a

	
365.68 ± 9.51 ab

	
369.01 ± 9.88 ab

	
370.42 ± 10.67 ab








U1, U2 and U3 represent urbanisation intensity coefficients of rural, suburban and urban sites, respectively; C/N represents the ratio of TOC:TN; N/P represents the ratio of TN:TP; SWC represents soil water content. Significant differences (p < 0.05) along the urbanization intensity gradient are shown with different letters.
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