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Although soil microbes play an important role in the functioning of the forest ecosystem, our understanding of the spatial distribution characteristics of soil microbes among different vegetation types in urban forest ecosystems is poor. In this study, with the help of high-throughput sequencing, we examined the vegetation type preferences of soil microbes (fungi and bacteria) and then analyzed the microbe–environment (plant community, light availability, soil properties) relations in a temperate urban forest in China. Our results showed that the soil microbial (bacterial and fungal) richness of deciduous forest was higher than that of evergreen, and mixed forests. The spatial distribution of fungi was more specialized than that of bacteria among different vegetation types. The driving forces of environmental factors on soil bacteria and fungi were different. Our findings suggest that different vegetation types favor the occurrence of different microbes, and the relationships between soil microbes and environmental factors depend on different vegetation types in this temperate urban forest. These findings shed new light on the biodiversity conservation of microbes in temperate urban forests and point to the potential importance of vegetation types for microbe formation.
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INTRODUCTION

Forests in the urban landscape provide many ecosystem services that directly (e.g., reduce noise, improve air quality) and indirectly (e.g., promote soil nutrient cycling, absorb greenhouse gases) benefit human beings (Sergio et al., 2021). Evergreen and deciduous forests are the main vegetation types in urban forest ecosystems (Jing, 2017). Different vegetation types contain varying canopy structure, litter, and understory environment (Song et al., 2017; Fu et al., 2021). For instance, the soil organic carbon and soil nutrients are significantly lower in deciduous forests than in evergreen forests (Sheng et al., 2019). The litter is different between evergreen and deciduous forests and is correlated with microbial diversity (Lin et al., 2018; Simon et al., 2018). Previous studies have focused on the aboveground plant communities in urban forest ecosystems, such as plant diversity (Bardgett and van der Putten, 2014), space shaping of the plant community (Wagg et al., 2014), and ecological service functions (Wardle et al., 2004). The aboveground plant community and underground microbes are interrelated and influence each other (Wardle et al., 2004). Although soil microbes play an important role in urban forest ecosystem stability and ecosystem function (Wardle et al., 2004), our understanding of the association between plants and soil microbes is poor. Moreover, the spatial distribution characteristics of soil microbes in the urban ecosystem among different vegetation types are still unclear.

Soil microbes are the richest component of terrestrial biodiversity and play major roles in ecosystem processes, such as carbon and nitrogen cycling and soil formation (Kang et al., 2021). They play a role in the growth of plants and ecosystem functioning (Singh et al., 2004). They can directly affect plant roots through the underground grazing food chain and affect soil physical and chemical properties (Kreuzer et al., 2004). Plants influence microbial communities through microhabitats (Hooper et al., 2000; Wardle, 2006; Dickie, 2007; Wang et al., 2020). Conversely, according to the plant–soil feedback theory, soil microbes may influence plant communities by altering soil trophic and physicochemical properties or regulating plant coexistence (Bever et al., 2015; Bennett and Cahill, 2016). Exploring the relationships between aboveground plants and subsurface soil microbial diversity can help us develop strategies to improve stress resistance and maintain the stability of urban forest ecosystems. Previous studies have shown that bacteria and fungi have substantially different growth habitats and dispersal capability (Powell et al., 2015; Wang et al., 2021). Fungi generally tolerate drought better than many bacteria (Schimel et al., 2007; Yuste et al., 2011; Rivest et al., 2015). However, whether the spatial distribution characteristics of soil fungal and bacterial communities in the urban ecosystem is consistent under different vegetation types remains to be elucidated.

According to the habitat partitioning hypothesis, the species composition of different habitats depends on the difference in environmental requirements and spatial distribution of environmental conditions (Svenning, 1999; Chen et al., 2020). Different vegetation types provide different habitats for understory organisms (Sheng et al., 2019). Therefore, the spatial distribution characteristics of soil microbes under different vegetation types may be different. Moreover, whether the distribution of soil microbes in urban ecosystems among different vegetation types is random or habitat-special remains unknown. With the rapid development of urban construction, more and more attention has been paid to the health and management of urban green space. However, the relationship between aboveground vegetation and underground microorganisms in the urban ecosystem remains unknown. Zhengzhou, the capital city of Henan Province and one of the largest transportation hubs in China, is an ideal area to study the relationship between urban green space and soil microorganisms. In this study, we hypothesized that (H1) the main factors affecting microbial diversities and community compositions in different vegetation habitats would differ and that (H2) the relationships between microbial and woody plant assemblages would vary among different vegetation habitat types in the urban forest. To test these hypotheses, we examined soil microbial communities in plots representing the three vegetation habitat types in the temperate urban forest using Illumina-based high-throughput sequencing (Wang et al., 2018). We delineated vegetation habitat types with similarities in vegetation conditions and then analyzed the relationships among microbial, plant, and abiotic variables in the delineated microbial habitats in the urban forest. The purpose of this study was (1) to compare the differences of spatial distribution characteristics between soil bacteria and fungi across vegetation type changes in a temperate urban forest and (2) explore the relationship between soil microbes and environmental factors in a temperate urban forest ecosystem.



MATERIALS AND METHODS


Study Site and Sample Collection

The study site was located in Zhengzhou, China (112°42′–114°13′ E, 34°16′–34°58′ N, Figures 1A,B). The city has a continental monsoon climate in the north temperate zone. This region has a mean annual temperature of 15.6°C and a mean annual rainfall of 690 mm. Vegetation belongs to warm temperate deciduous broad-leaved forest. Deciduous vegetation includes Styphnolobium japonicum, Platanus acerifolia, Ginkgo biloba, etc. Evergreen vegetation includes Cedrus deodara, Ligustrum lucidum, Eriobotrya japonica, etc.
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FIGURE 1. Study area and location of sample plots. General location (A) of the study area within Zhengzhou, China; location of all plots (B) and detailed view of an example of plots and stands (C).


A total of 30 plots (10 m × 10 m) were established in Zhengzhou City (Figure 1C), including 10 deciduous forest plots, 10 evergreen forest plots, and 10 mixed forest plots (deciduous and evergreen). Detailed information of each plot is shown in Supplementary Table 1. These plots are mainly distributed in Zhengzhou City. To avoid the effects of human activities on soil microbial composition, the following conditions should be met to establish a plot: First, the green area should be greater than 1 ha. Second, vegetation should be planted over 3 years. Finally, the distance from the road to the plot should be more than 3 m, and the distance between quadrats must be at least 500 m. For each plot, plant species, number of trees, plant height, and DBH (diameter at the breast) were recorded for woody plants with DBH greater than 1 cm. The quantitative characteristics of plants are described by abundance (PA: total number of individual plants in the plot) and density (PD: the number of individual plants per unit area; Chen et al., 2018).

Each 10 m × 10 m plot was divided into four small plots (5 m × 5 m), and soil samples were taken at the central point of each small plot. Four soil cores were collected (10–20 cm depth) and mixed in each plot. Plant roots and stones were removed using a mesh (2 mm) sieve. The mixed soil samples were divided into two parts. One part was transported in an icebox and stored at –80°C until DNA was extracted. The other was stored at 4°C for the measurement of soil physicochemical parameters. All soil samples for analyses were collected within July 2020.



Environmental Factors

Light environment data were collected using an SLM9-UM-1.2 canopy analyzer in accordance with the method of Chen et al. (2018). The leaf area index (LAI), canopy coverage (CC), total transmission ratio (VS), mean leaf angle (MLA), direct radiation (DR), and scatter radiation (SR) were measured by using HemiView digital canopy analysis software.

The air-dried soil samples were sieved through an 80-mesh sieve (0.18 mm hole) before soil physicochemical analysis. Soil pH (pH) was measured (soil-to-water ratio of 1:2.5) using a pH meter (PHSJ-6L, REX, China; Cong et al., 2015). The soil moisture content (SMC) was measured by weighing after drying in an oven at 105°C for 15 h (Cong et al., 2015). The content of soil total nitrogen (N) was measured by a modified Kjeldahl procedure (Ning et al., 2020). Soil organic matter (SOM) content was determined by the potassium dichromate oxidation method (Wang et al., 2021). The sodium bicarbonate extraction method (Shan et al., 2018) was used to determine the content of soil available phosphorus (P).



DNA Extraction, Polymerase Chain Reaction, and Bioinformatic Analysis

Microbial community genomic DNA was extracted using the Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with a NanoDrop 2000 UV-Vis spectrophotometer. Primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTA CHVGGGTWTCTAAT-3′), specific to the V4–V5 region of the archaeal 16S rRNA gene, were used to create the archaeal libraries (Caporaso et al., 2012). Primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′), specific to the ITS I region of the ITS gene, were used to create fungal libraries (Gardes and Bruns, 1993).

PCR amplification of the gene (16S rRNA and ITS rRNA) was performed according to the methods of Xiao et al. (2021) and Yang et al. (2019), respectively. PCRs were performed in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using the Quantus™ Fluorometer (Promega, United States).

Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The 16S rRNA and ITS gene sequencing reads were demultiplexed, quality-filtered by Trimmomatic, and merged by FLASH with the following criteria: (i) The 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and truncated reads shorter than 50 bp and reads containing ambiguous characters were discarded. (ii) Only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of the overlap region is 0.2. Reads that could not be assembled were discarded. (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted (exact barcode matching, two nucleotide mismatches in primer matching). Operational taxonomic units were clustered with 97% similarity (Franciska et al., 2020), and chimeric sequences were identified and removed based on a prediction by UPARSE (Benjamin et al., 2016; Xiao et al., 2021). The taxonomy of each OTU representative sequence was analyzed by RDP Classifier (Wang et al., 2007) against the 16S rRNA database (Silva SSU138; Christian et al., 2013) and ITS rRNA database (Unite7.2; Nilsson et al., 2019) using confidence threshold of 0.7.



Statistical Analyses

Before the analysis, the number of OTUs in each sample was normalized according to the minimum sample sequence number. To understand the species information of different groups, three microbial groups were constructed: all species, core species (abundance above 10% of total abundance), and dominant species (abundance above 0.5% of total abundance; Jiao et al., 2020; Mo et al., 2021). Different groups may have different functions in soil microbial community. Dominant species were more abundant in soil microbial community than core species. Moreover, core species may play a particular role in the decomposition of matter or the growth of aboveground plants, whereas dominant species do not.

Venn diagrams were constructed to count the number of common and unique OTUs in different vegetation types using the R “VennDiagram” package (Chen and Boutros, 2011). The differences in species richness among the vegetation types were determined by the Tukey test and phylogenetic tree at the OTU level. Rarefaction analysis by the “vegan” package (Oksanen et al., 2007) was used to determine whether the sequencing output for each sample is sufficient.

The ecological interactions between functionally different partners can be assessed by network analysis. Network analyses inherently account for the fact that all components of an ecosystem are interconnected (Hacquard, 2016). The program Gephi (0.9.2) was used to visualize the architecture of the plant–microbe network. We used the H2’ metric of specialization to evaluate the relationship between microbes and different vegetation types (Blüthgen et al., 2007). The H2’ metric of specialization (Svenning, 1999) was calculated by the “bipartite” package (Heegaard, 2017).

The torus-translation test is a method for determining the association between species and habitat (Harms et al., 2001; Gunatilleke et al., 2006; Comita et al., 2007). The species distribution preference in the three vegetation types was analyzed by the torus-translation test. The concept of the torus-translation test is to randomly calculate the real distribution probability of a species in each habitat (Chen et al., 2018). Given that the method considers spatial autocorrelation to a large extent, it is more reasonable to compare the goodness-of-fit test or random habitat method. Associations between species and habitat were tested for all species in the plot. A total of 9305 bacterial OTUs and 3931 fungal OTUs were used for torus-translation test analysis. The torus-translation test was conducted according to the methods of Harms et al. (2001) and Comita et al. (2007).

Nonmetric multidimensional scaling (NMDS) plots based on UniFrac dissimilarity and displacement multivariate analysis were used to compare the differences of soil microbial communities among different vegetation types, and the habitat types were fitted as centroids onto the NMDS graph using the envfit function (Chen et al., 2018). Permutational multivariate analysis of variance was applied to explore the significant differences based on 999 permutations.

Linear mixed-effect models were performed to estimate whether microbial species richness depended on environmental factors. In the model, vegetation types (deciduous, evergreen, mixed forest) were used as random variables. The environmental factors included physicochemical characters of soil, light environment, and plant abundance (PA). The linear mixed-effect model was established with the “glmm.hp” package (Lai et al., 2022).

All statistical analyses and plotting were performed with R statistical software version 4.0.3 (R Core Team, 2020).




RESULTS


Biodiversity of Soil Microbes

A total of 1,872,421 effective bacterial sequences, with an average length of 417 bp, were obtained from 30 soil samples. The complete data set was divided into 40 phyla, 143 classes, 344 orders, 545 families, 1032 genera, and 9305 bacterial OTUs. The dominant phyla were Actinobacteriota, Proteobacteria, and Acidobacteriota. Venn diagrams showed that the number of detected OTUs varied across the three vegetation types, and these vegetation habitats shared 5396 OTUs, accounting for 57.99% of total bacterial OTUs (Figure 2A). The bacterial (all species) richness in the evergreen forest was significantly different from that in the deciduous forest and mixed forest (p < 0.05; Figure 2B). The bacterial diversity indices of each plot are shown in Supplementary Table 2.
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FIGURE 2. Biodiversity of soil microbes in the temperate urban forest in China. Number of bacterial (A) and fungal (C) OTUs in different vegetation types. OTU richness of bacteria (B) and fungi (D) in different vegetation types.


A total of 2,561,818 effective fungal sequences, with an average length of 236 bp, were obtained from 30 soil samples. Only 14 phyla, 41 classes, 106 orders, 260 families, 538 genera, and 3931 fungal OTUs were detected. Ascomycota and Basidiomycota were the dominant phyla. Moreover, 1122 OTUs were recorded in three vegetation types, accounting for 28.52% of the total fungal OTUs (Figure 2C). There was no significant difference in fungal richness among the three vegetation types. (p > 0.05, Figure 2D). The fungal diversity indices of each plot are shown in Supplementary Table 3. The sparse curve results showed that the sequencing output for each sample is sufficient (Supplementary Figure 2).



Relationships Between Microbe Species and Vegetation Types

The results of network analysis showed that the specialization index (all species) was 0.091 (bacteria) and 0.486 (fungi). For core species, the specialization index was 0.062 (bacteria) and 0.467 (fungi). The specialization index of dominant species was 0.028 (bacteria) and 0.399 (fungi). Obviously, the specialization index of soil fungi was higher than that of soil bacteria at the community level (Figure 3).
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FIGURE 3. Microbial community network relationships among different vegetation types in the temperate urban forest in China. D is the deciduous forest, E is the evergreen forest, D&E is the deciduous and evergreen mixed forest. Each circle represents an OTU, different colors represent different vegetation types, and the circle size represents OTU richness. H2’ is the specialization index.


On the basis of the torus-translation test, 58.63% (5669/9305) OTUs of bacteria showed significant correlations, among which 5280 OTUs were positively correlated and 389 OTUs were negatively correlated (Figures 4A,B). The torus-translation test showed that 76.19% (2992/3927) OTUs of fungi had significant correlations, among which 2894 OTUs were positively correlated and 98 OTUs were negatively correlated (Figures 4D,E). The proportion of positively correlated OTUs of bacteria (28.1%) in the deciduous forest was higher than that in the evergreen forest (25.2%) and mixed forest (24.1%). Moreover, the proportion of negatively correlated OTUs of bacteria (0.9%) in the deciduous forest was lower than that in the evergreen forest (3.3%) and mixed forest (1.2%; Figure 4C). Meanwhile, the proportion of positively correlated OTUs of soil fungi was the highest in the deciduous forest (42.3%), followed by evergreen forest (41.1%) and mixed forest (39.5%). The proportion of negatively correlated OTUs of fungi in the deciduous forest was 0.9%, which was lower than that in the evergreen forest (1.6%) and mixed forest (1.6%; Figure 4F).
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FIGURE 4. Associations between bacteria (A,B,C) and fungi (D,E,F) with vegetation types in the temperate urban forest in China based on the torus-translation test. (A,D) are the number of positively correlated OTUs, (B,E) are the number of negatively correlated OTUs, (C,F) are the proportion of positively and negatively correlated OTUs.




Associations Between Environmental Factors and Microbe Species

The environmental factors of each plot are shown in Supplementary Table 4. NMDS analysis showed that there were significant differences in microbial community composition among different vegetation types (p < 0.05). The phylogenetic tree at the OTU level is shown in Supplementary Figure 3. The detailed p-values of each factor are shown in Supplementary Table 5. The canopy structure (CC, p = 0.011; MLA, p = 0.028; VS, p = 0.013; SR, p = 0.023; DR, p = 0.025) had a significant influence on bacteria (Figure 5A). However, fungi were significantly influenced by SOM (p = 0.037) and CC (p = 0.041; Figure 5B). The results showed that environmental factors had different effects on the soil microbial community.
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FIGURE 5. Ordination plot of bacterial (A) and fungal (B) communities from non-metric multidimensional scaling analysis based on unifrac dissimilarities among different vegetation types. (The ellipses are the 95% confidence interval, and the significance between communities was evaluated by permutational multivariate analyses of variance. The relationships between the community and environmental factors only show strongly correlated (p ≤ 0.05) variables. SOM, soil organic matter; CC, canopy cover degrees; VS, total transmission ratio; SR, scatter radiation under the canopy; DR, direct radiation under the canopy; MLA, mean leaf angle.)


Fixed variables (environmental factors) explained 0.33 (R2m) of the variation in soil bacterial communities while vegetation types explained a large proportion of variation (R2c - R2m = 0.52; Supplementary Figure 4). Bacterial richness was significantly influenced by P content (β = 2.16, p < 0.001), SOM (β = –3.51, p = 0.005), VS (β = 2.27, p = 0.002) and LAI (β = 4.55, p = 0.002; Table 1).


TABLE 1. Linear mixed-effects model for the relationships between multiple factors (physicochemical characters of soil, light environment, and plant abundance) with considering vegetation types as random terms.

[image: Table 1]
Fixed variables (environmental factors) explained 0.57 (R2m) of the variation in soil fungal communities while vegetation types explained a large proportion of variation (R2c - R2m = 0.32; Supplementary Figure 4B). Fungal richness was significantly influenced by P content (β = 4.74, p < 0.001), N (β = 8.35, p < 0.001), CC (β = 6.30, p < 0.001), VS (β = 8.47, p < 0.001) and PA (β = 1.21, p = 0.004; Table 1).




DISCUSSION

Our results showed that the spatial distribution characteristics of soil microbes differed among different vegetation types in the urban forest. We also found that the driving forces of environmental factors on soil bacteria and fungi were different. Together, these findings suggest the importance of different vegetation types in maintaining local diversity in a soil microbial community in the urban forest.


Fungi Are More Specialized Than Bacteria

The Venn diagram showed that the number of fungal and bacterial OTUs in deciduous forest was higher than that in other vegetation types. On the basis of the results of network analysis, the soil fungal community specialization index (H2’) of different vegetation types was 0.486, which was higher than that of the plant root–fungus network (0.265; Toju et al., 2014). The specialization index (H2’) of the bacterial community among vegetation types was only 0.091. The findings suggest that fungi are more specialized than bacteria. Tree species are known to strongly affect ecosystem conditions including soil properties and microclimate (Menyailo et al., 2002; Reich et al., 2005; Russell et al., 2007). Bacteria usually grow single-celled, whereas fungi usually grow filamentous (Powell et al., 2015). Due to the size and number of propagules, bacteria have a greater ability to spread than fungi (Powell et al., 2015). Bacteria are also generally more resilient than fungi in the face of disturbance (Wardle, 2002). This phenomenon may be an important reason why fungal communities are more sensitive than bacterial communities in the face of vegetation type changes in the temperate urban forest. Different vegetation types form different soil microhabitats and affect the distribution characteristics of soil microbes. Hence, the spatial distribution of fungi is more specialized than that of bacteria among different vegetation types in this temperate urban forest.



Preferences of Different Vegetation Types

Based on the results of the torus-translation test, the composition characteristics of soil fungi and bacteria were different among different vegetation types. About 56.74% (5280/9305) species of bacteria and 73.69% (2894/3927) species of fungi were positively associated with vegetation types. Therefore, different soil microbes show different ecological preferences of different vegetation types in the temperate urban forest.

The number of positively correlated OTUs of fungi (42.3%) and bacteria (28.1%) was higher in the deciduous forest than in the evergreen and mixed forests. Moreover, the number of negatively correlated OTUs of fungi (0.9%) and bacteria (0.9%) was lower in the deciduous forest than in other vegetation types. Relevant studies have proved that forest gap can be related to the growth of soil pathogenic oomycetes and the occurrence of diseases (Reinhart et al., 2010). In this study, light intensity under deciduous forest is higher than that in the other two types, which may promote the growth and development of microbes. This phenomenon may be an important reason why microbial species exhibited ecological preferences for different vegetation types. At the same time, the release of various compounds by plant roots into the surrounding soil creates a unique environment in the rhizosphere for microbes that are symbiotic with plant roots (Garbeva et al., 2004), which may also lead to different habitat preferences of soil microbes.



Driving Forces of Environmental Factors on Soil Bacteria and Fungi Were Different

In this study, we found that the environmental drivers of fungi and bacteria are different in the temperate urban forest. Previous studies have shown that the survival and reproduction of soil microbes were affected by soil physical and chemical properties (Wang et al., 2013; Wang et al., 2018; Huang et al., 2019; Wang et al., 2021). Soil nutrients greatly differ in different vegetation types (Sheng et al., 2019), so the different physical and chemical properties of soil have different effects on fungi or bacteria. According to our study results, N was negatively correlated with bacteria in urban forests. However, it was positively correlated with fungi. Cheng et al. (2017) found that the relationships between soil fungi and woody plants are different in different habitats. In this study, environmental factors have different driving effects on bacteria and fungi, which may be related to the habitat. Our results also indicated that SR and CC influenced fungal richness. This result is consistent with the findings of Chen et al. (2018), who found that light is the major driver for soil fungi. Many studies have shown that N, P, and SOM have important effects on microbial community composition (Yoshimura et al., 2013; Van Geel et al., 2016). Overall, the driving forces of environmental factors on soil bacteria and fungi were different in temperate urban forest.




CONCLUSION

The results of this study indicate that habitat-specific vegetation types are important for microbes and potentially important for the maintenance of microbial species diversity in the urban ecosystem. This study provides a scientific basis for the formulation of soil biodiversity conservation strategies in urban ecosystems. At the same time, it also provides a certain ecological basis for garden designers in the planting and configuration of landscape plants. We should pay attention not only to the construction of aboveground landscape but also to the influence of soil microorganisms on plants in urban ecosystems.
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P, soil available phosphorus; SOM, soil organic matter; pH, soil pH; SMC, soil moisture content; N, soil total nitrogen,; CC, canopy coverage degrees; V'S, total transmission
ratio; LAl, leaf area index; MLA, mean leaf angle; PA, plant abundance; VIF, variance inflation factor. The bold text indicates significant difference.
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