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Introduction: Reforestation is a widely used strategy for ecological restoration in areas facing ecological degradation. Soil bacteria regulate many functional processes in terrestrial ecosystems; however, how they respond to reforestation processes in surface and deep soils remains unclear.

Methods: Artificial Robinia pseudoacacia plantation with different stand ages (8, 22, and 32 years) in a typical fallow forest on the Loess Plateau was selected to explore the differential response of soil bacterial community to reforestation in different soil depths (surface 0–200 cm, middle 200–500 cm, and deep 500-100 cm). Soil bacterial diversity, community composition and the co-occurrence patterns, as well as the functions were analyzed.

Results and discussion: The results showed that alpha diversity and the presence of biomarkers (keynote species) decreased with the increasing soil depth, with a sharp reduction in family-level biomarker numbers in 500–1,000 cm depth, while reforestation had a positive impact on bacterial alpha diversity and biomarkers. Reforestation induced a more loosely connected bacterial community, as evidenced by an increase of 9.38, 22.87, and 37.26% in the average path length of the co-occurrence network in all three soil layers, compared to farmland. In addition, reforestation reduced the hierarchy and complexity but increased the modularity of the co-occurrence network in top and deep soil layers. Reforestation also led to enrichment in the relative abundance of functional pathways in all soil layers. This study sheds light on the strategies employed by deep soil bacteria in response to reforestation and underscores the significant potential of deep soil bacteria in terrestrial ecosystems, particularly in the context of human-induced environmental changes.
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1 Introduction

Reforestation is the predominant ecological restoration strategy to improve ecosystem services (Chazdon, 2008; Hua et al., 2016; Nunes et al., 2020). Specifically, artificial forestation is one of the important ecological managements on the Loess Plateau (Jin et al., 2011). The large-scale reforestation in the past 20 years has effectively mitigated soil erosion and greatly improved the natural ecological environment of the region (Liang et al., 2022). These efforts have brought about substantial benefits to soil structure, soil fertility, carbon sequestration, water balance, and biodiversity (Chazdon, 2008; Cunningham et al., 2015). The age of a forest, i.e., stand age, is a key determinant in reforestation, and it can influence the soil nutrient distribution by altering forest material fractions (Lucas-Borja et al., 2016; Jonsson et al., 2020). Previous studies have shown that the stocks of soil organic carbon and total nitrogen in the forest soil decrease or continue to increase after reaching the peak throughout the reforestation process (Guo and Gifford, 2002; Xu et al., 2019).

As the most crucial and sensitive biological component of the soil ecosystem, soil bacteria regulate most biogeochemical reactions and play a dominant role in the nutrient-cycling process in terrestrial ecosystems (Falkowski et al., 2008; Nelson et al., 2016). Notably, soil bacteria are the main driving factors of organic carbon turnover. Vegetation restoration leads to changes in bacterial community structure by altering plant community composition and soil physicochemical properties (Probst et al., 2018), which in turn affects functional processes such as organic carbon turnover.

A large population of bacteria are concentrated in deep soils, and these deep-lying bacteria play an extremely important role in soil formation, ecosystem geochemical cycling, pollutant degradation, and maintenance of groundwater quality (Falkowski et al., 2008; Hartmann et al., 2009; Eilers et al., 2012; Li et al., 2014; Probst et al., 2018). Nevertheless, most current studies have primarily focused on the surface layer (0–20 cm), where bacterial activity and diversity are the highest (Fierer et al., 2003). Soil bacterial diversity and composition vary with soil depth (Li et al., 2014), and changes in resource and environmental gradients in the soil profile lead to a shift in bacterial communities with soil depth (Chu et al., 2016). The responses of surface and non-surface soil bacteria to reforestation were dissimilar. Previous studies have investigated how reforestation impacts surface soil bacteria (Zheng et al., 2005; Jourgholami et al., 2019; Shao et al., 2019) by altering surface soil bacterial community and biomass (Shao et al., 2019), community composition (Jiao et al., 2018), diversity (Chen et al., 2020), and bacterial functional stability (Jiao et al., 2022). However, much less attention has been paid to the variations of deep soil bacterial community characteristics during reforestation. The response of deep soil bacterial diversity/community composition to the ecological reforestation process remains less clear.

The objective of this study was to investigate the responses of deep soil bacterial communities to reforestation. To achieve this, we conducted a comprehensive field study of soil bacterial community and functions along a vertical profile in a typical artificial forestation with different reforestation ages. We systematically examined the soil bacterial diversity and composition, as well as the dominant functions under artificial forests with different stand ages along a vertical profile (0–10 meters). The outcome of this work is expected to contribute to a more systematic understanding of how reforestation would affect the deep soil bacterial community and functions and provide data support for ecological management practices in the Loess Plateau.



2 Materials and methods


2.1 Sites and soil sampling

Soil samples were collected in the spring of 2021 from five different forest sites located in the Gutun watershed of the Loess Plateau (Supplementary Figure S1). This area is characterized by a typical continental climate regime and is influenced by East Asian monsoon to different extents. The mean annual temperature is 9.8°C, and the mean annual precipitation is 541 mm (Zhao et al., 2020). The most common vegetation species in the watershed is Robinia pseudoacacia L. with a total coverage rate of 60–75%. The field experiment was conducted within the artificial Robinia pseudoacacia forests of different stand ages, including R8 (stand age 8 yrs), R22 (stand age 22 yrs), and R32 (stand age 32 yrs). An additional farmland near the forest served as the control F, where sweet potatoes were interplanted with cherry trees. The basic characteristics of the forests and farmland examined are presented in Supplementary Table S1.

Soil samples were collected in each forest and the farmland in April 2021. Samples from 0–200 cm layers were collected at 20 cm intervals, and those from 200–1,000 cm layers were collected at 50 cm intervals using a 5 cm diameter soil. Considering that soils from the upper layers are more susceptible to changes in the environment, while soils in the deeper layers are relatively stable, we categorized them into three levels: 0–200 cm (top layer), 200–500 cm (middle layer), and 500–1,000 cm (deep layer). Soil samples from different layers within each level were considered subsamples for each level. Soil samples were transported to the laboratory in a 4°C esky after sectioning. The soil was sieved through a 2 mm sieve after removing small stones and plant roots. After mixing evenly, soil samples were divided into two parts, with one for the soil physicochemical analysis and the other for soil DNA extraction.



2.2 Soil characteristics

Soil water content (SWC) was measured gravimetrically by drying 20 g soil samples overnight in an oven at 105°C. The gravimetric moisture content was then calculated as grams of moisture lost per gram of dry soil. Soil pH was determined using a pH meter at 1:2.5 v:w ratio (Mettler Toledo S210, Mettler-Toledo, Switzerland). Soil organic matter was determined by the potassium dichromate method (H2SO4-K2Cr2O4) (Walkley and Black, 1934; Alhassan et al., 2018). Soil total nitrogen (TN) was measured by the Kjeldahl digestion method with a Kjeltec analyser (KjeltecTM8400 Analyser, Foss, Sweden) (Bremner, 1960). Soil total phosphorus (TP), available phosphorus (AP), ammonia nitrogen (NH4+-N), and nitrate-nitrite (NO3−-N) were measured by a flow injection analyzer (SEAL Analytical AA3, Norderstedt, Germany).



2.3 High-throughput sequencing of 16S rRNA genes

Bacterial 16S rRNA genes were amplified using the primer pair 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) (Lee et al., 2012). Sequencing libraries were established using a TruSeqDNA PCR-Free Sample Preparation Kit (Illumina) after purifying PCR products. The quality of the library was initially determined with a Qubit@2.0 Fluorometer (Thermo Scientific) and then Agilent Bioanalyzer 2,100 System (Agilent Technologies). Sequencing analysis was performed on an Illumina MIseq platform (Chen et al., 2019) with a PE250 strategy. Raw reads (2 × 250 bp paired-end) were analyzed mainly through the pipeline of Quantitative Insights into Microbial Ecology (QIIME) (Caporaso et al., 2010). Briefly, chimeras were filtered out using the default program ChimeraSlayer within QIIME (Haas et al., 2011), and reads were clustered into operational taxonomic units (OTUs) using UPARSE at 97% identity (Edgar, 2013). The representative sequences of OTUs were annotated against the latest SILVA database (Quast et al., 2012) using Ribosomal Database Project (RDP) classifier (Wang et al., 2007). Resultant OTU tables were rarefied to a sequencing depth of 20,000 reads per sample before downstream analyses.

Co-occurrence networks of soil bacterial communities in the different levels were constructed using the CoNet app in Cytoscape and visualized by Gephi (Bastian et al., 2009; Faust and Raes, 2016). Briefly, OTUs with relative abundance <0.05% and occurring in less than half of the samples were removed before analysis. Pearson and Spearman correlation, Bray–Curtis dissimilarity, and Kullback–Leibler dissimilarity were used to measure the robustness of the correlation in the network simultaneously (Faust et al., 2015). The p-values threshold of the Benjamini-Hochberg’s false discovery rate correlation was 0.001. The topology parameters including average degree, modularity, clustering coefficient, average path length, betweenness centrality, and closeness centrality were calculated to compare the stability and complexity of different networks. PICRUSt2 was used to predict the functions of the soil bacterial communities (Douglas et al., 2020a,b). The nearest sequenced taxon index (NSTI) values were calculated to represent the reliability of the prediction (Douglas et al., 2020b; Canarini et al., 2021).



2.4 Statistical analyses

We used the Shannon index to demonstrate the alpha diversity of the bacterial community, as it evaluates both evenness and richness (Gotelli and Colwell, 2001; Wang et al., 2018). Bray−Curtis distance was calculated as a measurement of surface soil layer-to-deep soil layer dissimilarity in bacterial community composition (beta diversity). Principal coordinate analysis (PCoA) was employed on Bray-Curtis distances to visualize the differences in microbial community composition. Moreover, Adonis permutational multivariate analysis of variance (PERMANOVA, Adonis) was conducted to verify the results of PCoA. Distance-based redundancy analysis (db-RDA) was used to identify the effects of soil properties on soil bacterial communities. Variance Inflation Factor (VIF) analysis was performed before RDA to eliminate the effect of multicollinearity; only variables with low VIF (< 10) were kept to perform the RDA. Linear discriminant analysis coupled with effect size (LEfSe) with an LDA score > 3.5 was used to determine taxa with significant differences in abundance among different forests (Segata et al., 2011). Across all abundant taxa in all taxonomic levels of reforestation ages shown in LEfSe analysis, species that showed significant differences in reforestation were known as biomarkers that played important roles in the soil bacterial community of each reforestation age (Segata et al., 2011).

One-way analysis of variance (ANOVA) was used after Levene’s test of homogeneity of variances to detect the differences among soil layers and forests with different stand ages. Spearman correlation was used to determine the relationship between soil properties and bacterial community compositions. Multivariate linear regression was conducted to estimate the driving factors of soil bacterial diversity. Analysis of variance (ANOVA) test of models was conducted. The normality of unstandardized residuals was checked using the Shapiro–Wilk test. The Durbin-Watson test was conducted to examine the autocorrelation of the regression variables. Data points that had a Cook’s distance greater than one indicated that it might be an outlier and should be eliminated (Field, 2009; Neina et al., 2016). All statistical analyses were performed using SPSS 20.0 (IBM Co., Armonk, NY) and R.1




3 Results


3.1 Variations of soil bacterial community diversity

Soil bacterial diversity displayed distinct variations through the reforestation processes across different soil layers. The alpha diversity of soil bacteria, calculated by the Shannon index, showed an upward trend along the reforestation sequences in 0–200 and 200–500 cm soil layers (Figure 1A). No significant difference in alpha diversity could be observed in R8, R22, and F, while alpha diversity in R32 was significantly higher than the others in the 500–1,000 cm soil layer (p < 0.05). In all soil layers, R32 consistently exhibited the highest Shannon index values. Soil bacterial alpha diversity in the forest was significantly different than in the farmland at the top layer (0–200 cm) (p < 0.05). These results indicate that reforestation led to variations of bacterial alpha diversity in all soil layers, with R32 demonstrating the most substantial diversity across all layers.
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FIGURE 1
 Soil bacterial alpha diversity (Shannon index) of the forests with different reforestation ages as well as the farmland (A). Bray-Curtis distances between forests of different reforestation ages and the control (farmland) at different soil layers (B). Principle coordinates analysis (PCoA) based on the Bray-Curtis matrix of the soil bacterial gene profiles from different forests and farmland (C).


To evaluate the changes in soil bacterial community beta diversity after reforestation, the Bary-Curtis distance of soil bacterial communities in different forests relative to the control (farmland) was compared in different soil layers (Figure 1B). In the topsoil layer (0–200 cm), soil bacterial beta diversity in R22 significantly deviated from that of the farmland (p < 0.05), while in deep soil layers, there were no significant differences in soil bacterial beta diversity between farmland and forests of different reforestation ages. Variations of soil bacterial community composition were illustrated by PCoA based on the Bray-Curtis distances (Figure 1C). The bacterial community composition in 0–200 cm, 200–500 cm, and 500–1,000 cm layers for R8, R22, R32, and F (the control) appeared as distinct clusters. Adonis analysis further confirmed the distinct bacterial profiles among forests of different reforestation ages in all soil layers (0–200 cm: R2 = 0.40, p = 0.001; 200–500 cm: R2 = 0.43, p = 0.001; 500–1,000 cm: R2 = 0.34, p = 0.001).



3.2 Variations of soil bacterial community composition and co-occurrence patterns

Results of LEfSe analysis were shown by LDA score and a cladogram visualizing all detected bacterial compositions from phylum to species, respectively (Figure 2). The biomarkers associated with each reforestation age along the soil profiles were dissimilar. A greater number of biomarkers were detected in the topsoil layer (0–200 cm) than in the other layers; at the family level, biomarkers in the largest age of reforestation (R32) were more abundant than the others in each soil layer (Supplementary Table S2). The number of the significant biomarkers at the family level decreased in the deep (500–1,000 cm) soil layer, suggesting that the soil bacterial composition in this soil layer was relatively stable and consistent during the reforestation.

[image: Figure 2]

FIGURE 2
 Taxonomic composition of soil bacterial community based on the metagenomes from four soils of different stand ages (A). The non-significantly different taxa are not shown in the cladogram. The dots from the center to the outer sphere represent the phylum, class, order, family, and genus levels. Only taxa at the family level were listed in the legend; the letters were the abbreviation of family-level biomarkers shown in the cladogram correspondingly. Each dot has an effect size LDA score > 3.5. The LDA score identifies the size differentiation among the forests and the farmland at the family level with a threshold score of 3.5 (B).


Among all the identified biomarkers, more family-level biomarkers were detected in the topsoil layer, and their abundance declined with increasing soil depth (Supplementary Table S2). Specifically, Actinobacteriota were the potential taxonomic indicators that primarily changed under reforestation in the topsoil layer. Families including Frankiales, Micrococcales, Actinomarinals, and norank_c_Acidimicrobiia (LDA 4.66, p = 0.003) were significantly abundant in R8. The abundance of Gammaproteobacteria (LDA 4.29, p = 0.02) including Burkholderiales and TRA3_20 was also significant in R8. Fewer biomarkers can be detected in the middle soil layer (200–500 cm) than the topsoil layer (0–200 cm). Actinobacteriota and Proteobacteria were the main phyla that contained potential biomarkers in the middle soil layer. Actinobacteriota including Geodermatophilaceae, Micrococales, Nocardioidaceae, and TRA3_20 enriched in R8 (LDA 4.85, p = 0.006), while Gammaproteobacteria was more abundant in R22 (LDA 4.76, p = 0.001). In the deep soil layer (500–1,000 cm), the order norank_c_Gitt_GS_136 (phylum Chloroflexi) was abundant in F (LDA 4.08, p = 0.000), and Unclassified_c_Parcubacteria (phylum Patescibacteria) was more abundant in R8 (LDA 3.53, p = 0.000). The families Nakamurellaceae (phylum Actinobacteriota) and Bacillaceae (phylum Firmicutes) were significantly enriched in R32 with an LDA score of 3.725 and 3.619, respectively (p = 0.000).

Correlation networks among bacterial OTUs were constructed to access the soil bacterial co-occurrence patterns in the forest with different ages of reforestation along the vertical profile. Results demonstrated that the complexity and the connection of soil bacterial communities were dissimilar (Figure 3). Specifically, the average degree of the network of F was higher than that in the forest with different reforestation ages at the 0–200 cm soil layer. In the 200–500 cm layer, the average degree of R32 was the highest, but the modularity was the lowest (0.49) (Supplementary Table S3). Interestingly, the edge and the average degree of each network increased as the soil depth increased to 500–1,000 cm except R32, while the average path length decreased by increasing the soil depth except R32.

[image: Figure 3]

FIGURE 3
 Bacterial co-occurrence networks in forests of different reforestation ages and farmland at different soil layers. The average degree of each network is shown in the figure.




3.3 Variations of soil bacterial functions

The relative abundance of functional groups in KEGG pathway level 2 predicted by PICRUSt2 differed between forests and farmland (Figure 4). The average weighted nearest sequenced taxon index (NSTI) for all samples was 0.12, falling within the conventional soil threshold range, indicating a moderate accuracy of the functional prediction (Langille et al., 2013; Douglas et al., 2020b). Across all treatments, the top three function traits in bacterial communities were global and overview maps, carbohydrate metabolism, and amino acid metabolism. Reforestation induced enrichment in most functional pathways, particularly in the 0–200 cm soil layer (Figure 4). In this layer, 31, 30, and 32 functional pathways increased in R8, R22, and R32, respectively, compared to the farmland, while seven, eight, and seven functional pathways decreased in the respective forest. In the 200–500 cm soil layer, nine functional pathways increased and three functional pathways decreased in R22, and only one functional pathway decreased in R32, while in the 500–1,000 cm soil layer, two functional pathways increased in R8 and nineteen increased and eight functional pathways decreased in R32. Specifically, amino acid metabolism increased in the 0–200 cm soil layer due to reforestation, while pathways involved in secondary metabolites biosynthesis decreased in R22 in the 200–1,000 cm soil layers.
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FIGURE 4
 KEGG annotations of predicted functions of all samples. Relative abundance of 46 functions in KEGG pathway level 2 in different soil layers. Significant changes in the relative abundance of predicted functions induced by reforestation in different soil layers. Red represents functions that are enriched by reforestation; blue represents functions that are depleted by reforestation.




3.4 Factors driving soil bacterial taxonomic and functional composition

In the topsoil layer, the linear regression model showed that soil total nitrogen (TN) was the most important factor regulating bacterial alpha diversity along the reforestation sequence, while soil total phosphorus (TP) was the main factor driving alpha diversity along the reforestation sequence in the deep soil layer (Figure 5A). Distance-based redundancy analysis (db-RDA) on the OTU level showed that soil properties explained 18.57% of the variability in the community in the topsoil layer, where TP, TN, and soil pH were the most important factors. In the middle soil layer, the soil main properties explained 20.34 and 18.2% in the middle and deep soil layer, respectively (Figure 5B); TP, SWC, and soil pH were the most influential factors driving soil bacterial community along reforestation in the two layers.
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FIGURE 5
 Linear regressions of soil bacterial alpha diversity (Shannon index) and soil total phosphorus (TP) along the reforestation in the top (0–200 cm), middle (200–500 cm), and deep (500–1,000 cm) soil layer (A). Distance-based redundancy analysis (db-RDA) of soil bacterial communities during reforestation in the top (0–200 cm), middle (200–500 cm), and deep (500–1,000 cm) soil layer (B). The ordination is based on the Bray-Curtis distance. Red arrows indicate the environmental variables and dots of different colors represent soil bacterial communities (OTU-level) in different successional stages of reforestation. TP: soil total phosphorus; TN: soil total nitrogen; OM: soil organic matter; NH4+: soil ammonium nitrogen content; NO3−: soil nitrate nitrogen content; SWC: soil water content.


In addition, the major functions of soil bacteria were significantly correlated with SWC, soil pH, and soil NO3− content in the topsoil layer; the major functions of soil bacteria were significantly affected by soil pH, SWC, and soil TP in the middle and deep soil layers, while in the deep soil layer, soil bacteria functions were mainly affected by nutrients content and SWC and soil pH (Figure 6).

[image: Figure 6]

FIGURE 6
 Spearman’s correlation between predicted functions and soil physicochemical properties in the top (0–200 cm), middle (200–500 cm), and deep (500–1,000 cm) soil layers. Asterisks represent significant levels of correlation. *p < 0.05, **p < 0.01.





4 Discussion


4.1 Effects of reforestation on soil bacterial communities along the vertical profile

Soil bacterial diversity was largely related to soil nutrients (Meisser et al., 2019). In the topsoil layer, bacterial alpha diversity was promoted by the increased soil TN content. Plant litter provides sufficient nutrients for soil bacteria in the topsoil layer (Li H. et al., 2019; Li Y. B. et al., 2019). Nitrogen content was an important control factor of litter decomposition and utilization by bacteria (Zhang et al., 2008). Sufficient water content could promote nitrogen mineralization processes, thus nutrient limitation may be raised in the dry condition. In the deep soil of the farmland, soil TP significantly negatively altered the soil bacterial alpha diversity since the abundant usage of phosphate fertilizer and high degree of water saturation (average SWC of 14.38% in 1000–1,500 cm) led in turn to greater P leaching (Keshavarzi et al., 2018; Yan et al., 2018; Khan et al., 2019).

According to the distance-based redundancy analysis (db-RDA) results, nutrient elements were dominant driving factors of soil bacterial community compositions in reforestation as the soil bacteria relied on the content and availability of nutrients in the soil (Shen et al., 2019). Studies have proved that reforestation altered the distribution and stocks of soil TN, TP, and SOC (Wang et al., 2014; Veldkamp et al., 2020). In addition, soil bacterial communities participated in the processes of soil organic matter decomposition and altered the availability of nutrients (Cui et al., 2018, 2020). Meanwhile, nutrient content and availability could lead to variations in soil bacterial interactions and community responses, as most of the soil bacteria groups are heterotrophic (Zechmeister-Boltenstern et al., 2015; Tian et al., 2018; Soong et al., 2020).

Previous studies have reported that forest stand age can lead to significant changes in soil hydrological properties (Zema et al., 2021). As an indicator of reforestation status, forest stand age would contribute to soil water fluctuations, which can influence soil bacterial activities along the vegetation succession (Cui et al., 2020). In this study, the water content of F was significantly higher than that of the forest of reforestation in the deep soil layer (Supplementary Figure S2). Plant roots mediated soil water content and distribution by root water uptake (Rummel et al., 2021). Studies have shown that reforestation would deplete deep soil water since plant roots can uptake deep soil water to support their growth, leading to deep soil water deficits (Kong et al., 2022). With the increase in forest stand age, plant root depth increases, and the process of root uptake of deep soil water is more likely to occur (Tao et al., 2021). However, this process occurs only when the water content of deep soil is sufficient, which in turn affects the growth and activity of bacteria in the soil (Li H. et al., 2019; Li Y. B. et al., 2019). Resource competition, such as nutrients and water, between plants and soil bacteria may lead to changes in soil bacterial community composition. The changes were related to the condition of vegetation growth and root absorption processes of water and nutrients (Guyonnet et al., 2018b). The nutrient uptake strategies of plants could alter the carbon output by releasing carbon into the soil via root exudation, which could therefore influence the soil bacterial community composition and functions (Guyonnet et al., 2018a).

In addition, the connections among soil bacterial species varied among different forest and soil layers. The node and edge of the co-occurrence networks in the topsoil layer decreased along the reforestation (Supplementary Table S3), indicating reforestation resulted in less association in bacteria in the topsoil layer. In addition, reforestation decreased the average connectivity (average degree) of the network by 21.99% in the topsoil layer. However, reforestation increased the average connectivity of the network by 35.16% in the middle soil layer, while the average connectivity increased at first but decreased sharply (57.92%) by the end of the reforestation in the deep soil layer. Reforestation largely reduced the deep soil layer network node by 14.81–21.94%. The network modularity of the top and deep layers was enhanced by 2.73 and 17.98%, respectively, while the reforestation decreased the network modularity by 19.94% in the middle soil layer. The average clustering coefficient of the network in the top and deep layers was decreased by 1.14 and 21.96%, respectively, while the reforestation increased the average clustering coefficient of the network by 2.64% in the middle soil layer. Reforestation increased the average path length of networks in all soil layers by 9.38, 22.87, and 37.26%, respectively. An increase in average path length by reforestation could reduce the response of the network to environmental perturbations and induce a more loosely connected bacterial community (Faust and Raes, 2012). In general, reforestation resulted in a less complex and less hierarchical network with higher modularity and looser structure in the top and deep soil layers, while in the middle soil layer, reforestation led to a less complex and more hierarchical network with higher modularity and looser structure (Deng et al., 2012; Prescott et al., 2022).

Reforestation increased the relative abundance of the great majority of soil bacterial functional pathways. Metabolism was the most abundant function of all. The variation of metabolism pathways in forests with different reforestation ages indicates that reforestation can lead to functional trait fluctuation. In the topsoil layer, reforestation resulted in enrichment in relative abundance of most functional pathways. Specifically, an abundance of the carbohydrate metabolism pathway was up-regulated in forests of all reforestation ages. Higher carbohydrate metabolism could provide more substrates by degrading cellulose and hemicellulose (López-Mondéjar et al., 2016). The energy released during carbohydrate metabolism in microorganisms sustains bacterial growth while maintaining functional cellular homeostasis (Cao et al., 2021). In the deep soil layer, the carbohydrate metabolism pathway was insensitive to reforestation suggesting that the regulatory effects of reforestation on soil bacterial functions, especially metabolism pathways, were non-significant.



4.2 Effects of soil depth on soil bacterial in forests of different reforestation age

Soil bacterial beta diversity was mainly driven by soil TP and TN in the topsoil layer (Figure 5). This may have resulted from the variation of soil elemental factors along the reforestation (Supplementary Figure S3) since the majority of soil bacteria obtained energy (essential nutrients) from the decomposition and mineralization of soil organic matter (Trivedi et al., 2013). The surface soil possessed high soil nutrient contents (e.g., TN) derived from the accumulation of organic residues of surface litter and root exudates; the abundant nutrients were tightly correlated to soil bacterial diversity by affecting the bacterial growth and metabolism (Fierer et al., 2003; Trivedi et al., 2013; Delgado-Baquerizo et al., 2017; Prescott and Vesterdal, 2021). However, as these properties decreased with soil depth, their effects on soil bacterial diversity also decreased gradually. Deeper layers showed less water and nutrients as well as less available O2 for soil bacteria to grow (Li et al., 2016; Cai et al., 2020); thus, the soil bacterial communities in deeper soil layers were less abundant and diverse. Lower contents of nutrients in deeper soil layers resulted in the limitation for soil bacteria to grow, thus leading to smaller microbial densities and diversity (Delgado-Baquerizo et al., 2016). Soil TP was significantly positively correlated with soil alpha diversity and it was the most significant driving factor of bacterial beta diversity. The availability of phosphorus was largely related to the bedrock; thus soil TP was the main driving factor of soil bacterial abundance and richness in the deep soil layer (500–1,000 cm). Furthermore, soil pH played an important role in driving soil bacterial beta diversity in all soil layers which was consistent with previous studies that confirmed that pH was a universal driving factor of soil bacterial diversity and community composition (Fierer and Jackson, 2006; Singh et al., 2012; Delgado-Baquerizo and Eldridge, 2019; Li et al., 2021). The soil pH in deeper layers was higher than that in the top layers, but as the soil of the Loess Plateau is alkaline, the increase of soil pH in the vertical direction may not lead to the fluctuation of the soil bacterial community (Chu et al., 2010; Liu et al., 2013; Jin et al., 2019).

With the increase in soil depth, the significantly different taxa of soil bacterial community composition in the soil of the forest of different reforestation ages gradually decreased (Figure 2; Supplementary Table S2). The biomarkers of each forest were changed simultaneously, which could be used to distinguish soil bacterial communities of different treatments (Segata et al., 2011). The soil bacterial communities in deeper soil layers contained fewer biomarkers that were selected by the deep soil environment (Fierer et al., 2003). It was the environmental variations within the soil profile that caused soil bacterial community composition changes along the soil depth.

Among all the family-level biomarkers, the order Saccharimonadales belonged to the candidate phylum Saccharibacteria which was formerly known as TM7. Saccharibacteria have been proven to survive by co-metabolizing with other bacteria as they have small cell sizes and genomes (Lemos et al., 2019). As a specific biomarker in the 0–500 cm soil layers of R8, Saccharimonadales was significantly altered by SWC in the 200–500 cm soil layer. Their abundance was enriched in R8 since the SWC was relatively high in the 0–500 cm soil layer. Many groups of Saccharibacteria could utilize complex carbon sources and degrade into carbon sources through a co-metabolism process in order to promote their growth and those of other bacteria in soil (Rüthi et al., 2020), thus stimulating the soil bacterial community in the young forest. The family Moraxellaceae is the biomarker in 1000–1,500 cm of R22, which belongs to Gammaproteobacteria; certain species are mesophilic or psychrotrophic. The order-level biomaker Rokubacteriales in the 40–500 cm soil layers of R32 were affected by SWC and soil nutrients (OM, TN, and TP). Rokubacteriales is an order of Rokubacteria, that has the potential for nitrogen respiration, sulfur oxidation, and sulfate/sulfite reduction (Becraft et al., 2017; Anantharaman et al., 2018). In the over-mature forest, the variation of soil properties may influence the nitrogen- and sulfur-related processes by altering the abundance of Rokubacteriales.




5 Conclusion

Overall, this study highlights the profound regulator effect of reforestation on soil bacterial community structure, especially in the deep soil layer. Reforestation increased bacterial alpha diversity and the number of biomarkers and resulted in a less complex, more distant, and less hierarchical network with higher modularity in both top and deep layers. Deep soil bacterial functions were enriched by reforestation with an age of 22, highlighting the significance of reforestation age as a key factor influencing soil bacterial community responses. The responses of soil bacterial communities to reforestation vary with soil depth, with soil bacterial community structure being notably influenced by increasing soil depth. The findings of this work provide insight into the responses of deep soil bacterial community structure to ecological reforestation which is crucial for studying the deep layer of the terrestrial ecosystem response to human-induced environmental changes.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA1033595.



Author contributions

FW: Conceptualization, Data curation, Investigation, Methodology, Software, Writing – original draft, Formal analysis, Funding acquisition, Validation, Writing – review & editing. YW: Conceptualization, Supervision, Writing – review & editing, Validation. HS: Software, Visualization, Writing – review & editing, Data curation. JZ: Data curation, Investigation, Writing – review & editing, Formal analysis. RL: Formal analysis, Investigation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Natural Science Foundation of China (No. 42107340).



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.2023.1324052/full#supplementary-material



Footnotes

1   www.r-project.org



References

 Alhassan, A. R. M., Ma, W., Li, G., Jiang, Z., Wu, J., Chen, G., et al. (2018). Response of soil organic carbon to vegetation degradation along a moisture gradient in a wet meadow on the Qinghai–Tibet plateau. ISME J. 8, 11999–12010. doi: 10.1002/ece3.4656 

 Anantharaman, K., Hausmann, B., Jungbluth, S. P., Kantor, R. S., Lavy, A., Warren, L. A., et al. (2018). Expanded diversity of microbial groups that shape the dissimilatory sulfur cycle. ISME J. 12, 1715–1728. doi: 10.1038/s41396-018-0078-0 

 Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software for exploring and manipulating networks. Proc. Int AAAI Conf. Web Social Media 3, 361–362. doi: 10.1609/icwsm.v3i1.13937

 Becraft, E. D., Woyke, T., Jarett, J., Ivanova, N., Godoy-Vitorino, F., Poulton, N., et al. (2017). Rokubacteria: genomic giants among the uncultured bacterial phyla. Front. Microbiol. 8:2264. doi: 10.3389/fmicb.2017.02264 

 Bremner, J. J. T. (1960). Determination of nitrogen in soil by the Kjeldahl method. J. Agric. Sci. 55, 11–33. doi: 10.1017/S0021859600021572

 Cai, Y., Shen, J.-P., Di, H. J., Zhang, L.-M., Zhang, C., He, J.-Z. J., et al. (2020). Variation of soil nitrate and bacterial diversity along soil profiles in manure disposal maize field and adjacent woodland. J. Soils Sediments 20, 3557–3568. doi: 10.1007/s11368-020-02679-z

 Canarini, A., Schmidt, H., Fuchslueger, L., Martin, V., Herbold, C. W., Zezula, D., et al. (2021). Ecological memory of recurrent drought modifies soil processes via changes in soil microbial community. Nat. Commun. 12:5308. doi: 10.1038/s41467-021-25675-4 

 Cao, M.-K., Guo, H.-T., Zheng, G.-D., Chen, T.-B., and Cai, L. (2021). Microbial succession and degradation during kitchen waste biodrying, highlighting the thermophilic phase. Bioresour. Technol. 326:124762. doi: 10.1016/j.biortech.2021.124762 

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303 

 Chazdon, R. L. J. S. (2008). Beyond deforestation: restoring forests and ecosystem services on degraded lands. Science 320, 1458–1460. doi: 10.1126/science.1155365 

 Chen, W., Jiao, S., Li, Q., and Du, N. J. (2020). Dispersal limitation relative to environmental filtering governs the vertical small-scale assembly of soil microbiomes during restoration. J. Appl. Ecol. 57, 402–412. doi: 10.1111/1365-2664.13533

 Chen, C., Peng, X., Huang, S., Wang, Y., Liao, S., and Wei, Y. (2019). Data on microbial community composition of sludge from high altitude wastewater treatment plants determined by 16S rRNA gene sequencing. Data Brief 23:103739. doi: 10.1016/j.dib.2019.103739 

 Chu, H., Fierer, N., Lauber, C. L., Caporaso, J., Knight, R., and Grogan, P. (2010). Soil bacterial diversity in the Arctic is not fundamentally different from that found in other biomes. Environ. Microbiol. 12, 2998–3006. doi: 10.1111/j.1462-2920.2010.02277.x

 Chu, H., Sun, H., Tripathi, B. M., Adams, J. M., Huang, R., Zhang, Y., et al. (2016). Bacterial community dissimilarity between the surface and subsurface soils equals horizontal differences over several kilometers in the western Tibetan plateau. Environ. Micorbiol. 18, 1523–1533. doi: 10.1111/1462-2920.13236

 Cui, Y., Fang, L., Guo, X., Wang, X., Zhang, Y., Li, P., et al. (2018). Ecoenzymatic stoichiometry and microbial nutrient limitation in rhizosphere soil in the arid area of the northern loess plateau, China. Soil Biol. Biochem. 116, 11–21. doi: 10.1016/j.soilbio.2017.09.025

 Cui, Y., Wang, X., Zhang, X., Ju, W., Duan, C., Guo, X., et al. (2020). Soil moisture mediates microbial carbon and phosphorus metabolism during vegetation succession in a semiarid region. Soil Biol. Biochem. 147:107814. doi: 10.1016/j.soilbio.2020.107814

 Cunningham, S., Mac Nally, R., Baker, P., Cavagnaro, T., Beringer, J., Thomson, J., et al. (2015). Balancing the environmental benefits of reforestation in agricultural regions. Perspect. Plant Ecol. Evol. Syst. 17, 17, 301–317. doi: 10.1016/j.ppees.2015.06.001

 Delgado-Baquerizo, M., and Eldridge, D. J. J. E. (2019). Cross-biome drivers of soil bacterial alpha diversity on a worldwide scale. Ecosystems 22, 1220–1231. doi: 10.1007/s10021-018-0333-2

 Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Trivedi, P., Osanai, Y., Liu, Y. R., et al. (2016). Carbon content and climate variability drive global soil bacterial diversity patterns. Ecol. Monogr. 86, 373–390. doi: 10.1002/ecm.1216

 Delgado-Baquerizo, M., Reich, P. B., Khachane, A. N., Campbell, C. D., Thomas, N., Freitag, T. E., et al. (2017). It is elemental: soil nutrient stoichiometry drives bacterial diversity. Environ. Microbiol. 19, 1176–1188. doi: 10.1111/1462-2920.13642 

 Deng, Y., Jiang, Y.-H., Yang, Y., He, Z., Luo, F., and Zhou, J. (2012). Molecular ecological network analyses. BMC Bioinformatics 13:113. doi: 10.1186/1471-2105-13-113 

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020b). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688. doi: 10.1038/s41587-020-0548-6 

 Douglas, G. M., Maffei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020a). PICRUSt2: an improved and customizable approach for metagenome inference. BioRxiv [Epub ahead of preprint] 672295. doi: 10.1101/672295

 Edgar, R. C. J. N. M. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Eilers, K. G., Debenport, S., Anderson, S., and Fierer, N. (2012). Digging deeper to find unique microbial communities: the strong effect of depth on the structure of bacterial and archaeal communities in soil. Soil Biol. Biochem. 50, 58–65. doi: 10.1016/j.soilbio.2012.03.011

 Falkowski, P. G., Fenchel, T., and Delong, E. F. J. S. (2008). The microbial engines that drive Earth's biogeochemical cycles. Science 320, 1034–1039. doi: 10.1126/science.115321

 Faust, K., Lima-Mendez, G., Lerat, J.-S., Sathirapongsasuti, J. F., Knight, R., Huttenhower, C., et al. (2015). Cross-biome comparison of microbial association networks. Front. Microbiol. 6:1200. doi: 10.3389/fmicb.2015.01200 

 Faust, K., and Raes, J. (2012). Microbial interactions: from networks to models. Nat. Rev. Microbiol. 10, 538–550. doi: 10.1038/nrmicro2832

 Faust, K., and Raes, J. (2016). CoNet app: inference of biological association networks using Cytoscape. F1000Res. 5:1519. doi: 10.12688/f1000research.9050.2 

 Field, A. (2009). Discovering statistics using SPSS. 3rd ed. London, UK: Sage Publications.

 Fierer, N., and Jackson, R. B. J. P. O. T. N. A. O. S. (2006). The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. 103, 626–631. doi: 10.1073/pnas.0507535103 

 Fierer, N., Schimel, J. P., and Holden, P. A. J. S. B., Biochemistry (2003). Variations in microbial community composition through two soil depth profiles. Soil Biol. Biochem. 35, 167–176. doi: 10.1016/S0038-0717(02)00251-1

 Gotelli, N. J., and Colwell, R. K. J. E. L. (2001). Quantifying biodiversity: procedures and pitfalls in the measurement and comparison of species richness. Ecol. Lett. 4, 379–391. doi: 10.1046/j.1461-0248.2001.00230.x

 Guo, L. B., and Gifford, R. M. (2002). Soil carbon stocks and land use change: a meta analysis. Glob. Chang. Biol. 8, 345–360. doi: 10.1046/j.1354-1013.2002.00486.x

 Guyonnet, J. P., Cantarel, A. A., Simon, L., and Haichar, F. (2018a). Root exudation rate as functional trait involved in plant nutrient-use strategy classification. Ecol. Evol. 8, 8573–8581. doi: 10.1002/ece3.4383 

 Guyonnet, J. P., Guillemet, M., Dubost, A., Simon, L., Ortet, P., Barakat, M., et al. (2018b). Plant nutrient resource use strategies shape active rhizosphere microbiota through root exudation. Front. Plant Sci. 9:1662. doi: 10.3389/fpls.2018.01662 

 Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., et al. (2011). Chimeric 16S rRNA sequence formation and detection in sanger and 454-pyrosequenced PCR amplicons. Genome Res. 21, 494–504. doi: 10.1101/gr.112730.110 

 Hartmann, M., Lee, S., Hallam, S. J., and Mohn, W. W. (2009). Bacterial, archaeal and eukaryal community structures throughout soil horizons of harvested and naturally disturbed forest stands. Environ. Microbiol. 11, 3045–3062. doi: 10.1111/j.1462-2920.2009.02008.x 

 Hua, F., Wang, X., Zheng, X., Fisher, B., Wang, L., Zhu, J., et al. (2016). Opportunities for biodiversity gains under the world’s largest reforestation programme. Nat. Commun. 7:12717. doi: 10.1038/ncomms12717 

 Jiao, S., Chen, W., Wang, J., Du, N., Li, Q., and Wei, G. J. M. (2018). Soil microbiomes with distinct assemblies through vertical soil profiles drive the cycling of multiple nutrients in reforested ecosystems. Microbiome 6, 146–113. doi: 10.1186/s40168-018-0526-0 

 Jiao, S., Chen, W., and Wei, G. (2022). Core microbiota drive functional stability of soil microbiome in reforestation ecosystems. Glob. Chang. Biol. 28, 1038–1047. doi: 10.1111/gcb.16024 

 Jin, T., Fu, B., Liu, G., and Wang, Z. (2011). Hydrologic feasibility of artificial forestation in the semi-arid loess plateau of China. Hydrol. Earth Syst. Sci. 15, 2519–2530. doi: 10.5194/hess-15-2519-2011

 Jin, Z., Guo, L., Wang, Y., Yu, Y., Lin, H., Chen, Y., et al. (2019). Valley reshaping and damming induce water table rise and soil salinization on the Chinese loess plateau. Geoderma 339, 115–125. doi: 10.1016/j.geoderma.2018.12.048

 Jonsson, M., Bengtsson, J., Moen, J., Gamfeldt, L., and Snäll, T. (2020). Stand age and climate influence forest ecosystem service delivery and multifunctionality. Environmental Res. 15:0940a8. doi: 10.1088/1748-9326/abaf1c

 Jourgholami, M., Ghassemi, T., and Labelle, E. R. (2019). Soil physio-chemical and biological indicators to evaluate the restoration of compacted soil following reforestation. Ecol. Indic. 101, 102–110. doi: 10.1016/j.ecolind.2019.01.009

 Keshavarzi, A., Tuffour, H. O., Bagherzadeh, A., and Duraisamy, V. J. E. J. O. S. S. (2018). Spatial and fractal characterization of soil properties across soil depth in an agricultural field, Northeast Iran. Eurasian J. Soil Sci. 7, 93–102. doi: 10.18393/ejss.339032

 Khan, A., Lu, G., Zhang, H., Wang, R., Lv, F., Xu, J., et al. (2019). Land use changes impact distribution of phosphorus in deep soil profile. J. Soil Sci. Plant Nutr. 19, 565–573. doi: 10.1007/s42729-019-00055-6

 Kong, W., Wei, X., Wu, Y., Shao, M., Zhang, Q., Sadowsky, M. J., et al. (2022). Afforestation can lower microbial diversity and functionality in deep soil layers in a semiarid region. Glob. Chang. Biol. 28, 6086–6101. doi: 10.1111/gcb.16334 

 Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676 

 Lee, C. K., Barbier, B. A., Bottos, E. M., McDonald, I. R., and Cary, S. C. (2012). The inter-valley soil comparative survey: the ecology of Dry Valley edaphic microbial communities. ISME J. 6, 1046–1057. doi: 10.1038/ismej.2011.170 

 Lemos, L. N., Medeiros, J. D., Dini-Andreote, F., Fernandes, G. R., Varani, A. M., Oliveira, G., et al. (2019). Genomic signatures and co-occurrence patterns of the ultra-small Saccharimonadia (phylum CPR/Patescibacteria) suggest a symbiotic lifestyle. Mol. Ecol. 28, 4259–4271. doi: 10.1111/mec.15208 

 Li, Y. B., Bezemer, T. M., Yang, J. J., Lü, X. T., Li, X. Y., Liang, W. J., et al. (2019). Changes in litter quality induced by N deposition alter soil microbial communities. Soil Biol. Biochem. 130, 33–42. doi: 10.1016/j.soilbio.2018.11.025

 Li, G., Niu, W., Sun, J., Zhang, W., Zhang, E., Wang, J., et al. (2021). Soil moisture and nitrogen content influence wheat yield through their effects on the root system and soil bacterial diversity under drip irrigation. Land Degrad. Dev. 32, 3062–3076. doi: 10.1002/ldr.3967

 Li, H., Si, B., Wu, P., and McDonnell, J. J. (2019). Water mining from the deep critical zone by apple trees growing on loess. Hydrol. Process. 33, 320–327. doi: 10.1002/hyp.13346

 Li, H., Xu, Z., Yang, S., Li, X., Top, E. M., Wang, R., et al. (2016). Responses of soil bacterial communities to nitrogen deposition and precipitation increment are closely linked with aboveground community variation. Micorb. Ecol. 71, 974–989. doi: 10.1007/s00248-016-0730-z 

 Li, C., Yan, K., Tang, L., Jia, Z., and Li, Y. (2014). Change in deep soil microbial communities due to long-term fertilization. Soil Biol. Biochem. 75, 264–272. doi: 10.1016/j.soilbio.2014.04.023

 Liang, H., Xue, Y., Li, Z., Gao, G., and Liu, G. H. (2022). Afforestation may accelerate the depletion of deep soil moisture on the loess plateau: evidence from a meta-analysis. Land Degrad. Dev. 33, 3829–3840. doi: 10.1002/ldr.4426

 Liu, Z. P., Shao, M. A., and Wang, Y. Q. J. (2013). Large-scale spatial interpolation of soil pH across the loess plateau, China. Environ. Earth Sci. 69, 2731–2741. doi: 10.1007/s12665-012-2095-z

 López-Mondéjar, R., Zühlke, D., Becher, D., Riedel, K., and Baldrian, P. (2016). Cellulose and hemicellulose decomposition by forest soil bacteria proceeds by the action of structurally variable enzymatic systems. Sci. Rep. 6:25279. doi: 10.1038/srep25279 

 Lucas-Borja, M., Hedo, J., Cerdá, A., Candel-Pérez, D., and Viñegla, B. (2016). Unravelling the importance of forest age stand and forest structure driving microbiological soil properties, enzymatic activities and soil nutrients content in Mediterranean Spanish black pine (Pinus nigra Ar. Ssp. salzmannii) Forest. Sci. Total Environ. 562, 145–154. doi: 10.1016/j.scitotenv.2016.03.160 

 Meisser, M., Vitra, A., Deléglise, C., Dubois, S., Probo, M., Mosimann, E., et al. (2019). Nutrient limitations induced by drought affect forage N and P differently in two permanent grasslands. Agric. Ecosyst. Environ. 280, 85–94. doi: 10.1016/j.agee.2019.04.027

 Neina, D., Buerkert, A., and Joergensen, R. G. (2016). Microbial response to the restoration of a Technosol amended with local organic materials. Soil Tillage Res. 163, 214–223. doi: 10.1016/j.still.2016.06.008

 Nelson, M. B., Martiny, A. C., and Martiny, J. B. H. (2016). Global biogeography of microbial nitrogen-cycling traits in soil. 1. Proc. Natl. Acad. Sci. 113, 8033–8040. doi: 10.1073/pnas.1601070113 

 Nunes, S., Gastauer, M., Cavalcante, R. B., Ramos, S. J., Caldeira, C. F. Jr., Silva, D., et al. (2020). Challenges and opportunities for large-scale reforestation in the eastern Amazon using native species. For. Ecol. Manag. 466:118120. doi: 10.1016/j.foreco.2020.118120

 Prescott, C. E., and Vesterdal, L. (2021). Decomposition and transformations along the continuum from litter to soil organic matter in forest soils. For. Ecol. Manag. 498:119522. doi: 10.1016/j.foreco.2021.119522

 Prescott, R. D., Zamkovaya, T., Donachie, S. P., Northup, D. E., Medley, J. J., Monsalve, N., et al. (2022). Islands within islands: bacterial phylogenetic structure and consortia in Hawaiian lava caves and fumaroles. Front. Microbiol. 13:934708. doi: 10.3389/fmicb.2022.934708 

 Probst, A. J., Ladd, B., Jarett, J. K., Geller-McGrath, D. E., Sieber, C. M., Emerson, J. B., et al. (2018). Differential depth distribution of microbial function and putative symbionts through sediment-hosted aquifers in the deep terrestrial subsurface. Nat. Microbiol. 3, 328–336. doi: 10.1038/s41564-017-0098-y 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 Rummel, P. S., Well, R., Pfeiffer, B., Dittert, K., Floßmann, S., Pausch, J. J. P., et al. (2021). Nitrate uptake and carbon exudation–do plant roots stimulate or inhibit denitrification? Plant Soil 459, 217–233. doi: 10.1007/s11104-020-04750-7

 Rüthi, J., Bölsterli, D., Pardi-Comensoli, L., Brunner, I., and Frey, B. (2020). The “plastisphere” of biodegradable plastics is characterized by specific microbial taxa of alpine and arctic soils. Front. Environ. Sci. 8:562263. doi: 10.3389/fenvs.2020.562263

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 Shao, P., Liang, C., Lynch, L., Xie, H., and Bao, X. L. (2019). Reforestation accelerates soil organic carbon accumulation: evidence from microbial biomarkers. Soil Biol. Biochem. 131, 182–190. doi: 10.1016/j.soilbio.2019.01.012

 Shen, F., Wu, J., Fan, H., Liu, W., Guo, X., Duan, H., et al. (2019). Soil N/P and C/P ratio regulate the responses of soil microbial community composition and enzyme activities in a long-term nitrogen loaded Chinese fir forest. Plant Soil 436, 91–107. doi: 10.1007/s11104-018-03912-y

 Singh, D., Takahashi, K., Kim, M., Chun, J., and Adams, J. M. (2012). A hump-backed trend in bacterial diversity with elevation on Mount Fuji, Japan. Microb. Ecol. 63, 429–437. doi: 10.1007/s00248-011-9900-1 

 Soong, J. L., Fuchslueger, L., Marañon-Jimenez, S., Torn, M. S., Janssens, I. A., Penuelas, J., et al. (2020). Microbial carbon limitation: the need for integrating microorganisms into our understanding of ecosystem carbon cycling. Glob. Chang. Biol. 26, 1953–1961. doi: 10.1111/gcb.14962 

 Tao, Z., Neil, E., and Si, B. (2021). Determining deep root water uptake patterns with tree age in the Chinese loess area. Agric. Water Manag. 249:106810. doi: 10.1016/j.agwat.2021.106810

 Tian, J., He, N., Hale, L., Niu, S., Yu, G., Liu, Y., et al. (2018). Soil organic matter availability and climate drive latitudinal patterns in bacterial diversity from tropical to cold temperate forests. Funct. Ecol. 32, 61–70. doi: 10.1111/1365-2435.12952

 Trivedi, P., Anderson, I. C., and Singh, B. K. (2013). Microbial modulators of soil carbon storage: integrating genomic and metabolic knowledge for global prediction. Trends Microbiol. 21, 641–651. doi: 10.1016/j.tim.2013.09.005 

 Veldkamp, E., Schmidt, M., Powers, J. S., and Corre, M. D. (2020). Deforestation and reforestation impacts on soils in the tropics. Nat. Rev. Earth Environ. 1, 590–605. doi: 10.1038/s43017-020-0091-5

 Walkley, A., and Black, I. (1934). An examination of the Degtjareff method for determining soil organic matter, and a proposed modification of the chromic acid titration method. Soil Sci. 37, 29–38. doi: 10.1097/00010694-193401000-00003

 Wang, R., Gamon, J. A., Schweiger, A. K., Cavender-Bares, J., Townsend, P. A., Zygielbaum, A. I., et al. (2018). Influence of species richness, evenness, and composition on optical diversity: a simulation study. Remote Sens. Environ. 211, 218–228. doi: 10.1016/j.rse.2018.04.010

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07 

 Wang, W., Wang, H., and Zu, Y. G. (2014). Temporal changes in SOM, N, P, K, and their stoichiometric ratios during reforestation in China and interactions with soil depths: importance of deep-layer soil and management implications. For. Ecol. Manag. 325, 8–17. doi: 10.1016/j.foreco.2014.03.023

 Xu, H., Qu, Q., Li, P., Guo, Z., Wulan, E., and Xue, S. (2019). Stocks and stoichiometry of soil organic carbon, total nitrogen, and total phosphorus after vegetation restoration in the loess hilly region, China. Forests 10:27. doi: 10.3390/f10010027

 Yan, P., Shen, C., Fan, L., Li, X., Zhang, L., Zhang, L., et al. (2018). Tea planting affects soil acidification and nitrogen and phosphorus distribution in soil. Agric. Ecosyst. Environ. 254, 20–25. doi: 10.1016/j.agee.2017.11.015

 Zechmeister-Boltenstern, S., Keiblinger, K. M., Mooshammer, M., Peñuelas, J., Richter, A., Sardans, J., et al. (2015). The application of ecological stoichiometry to plant–microbial–soil organic matter transformations. Ecol. Monogr. 85, 133–155. doi: 10.1890/14-0777.1

 Zema, D. A., Plaza-Alvarez, P. A., Xu, X., Carra, B. G., and Lucas-Borja, M. E. (2021). Influence of forest stand age on soil water repellency and hydraulic conductivity in the Mediterranean environment. Sci. Total Environ. 753:142006. doi: 10.1016/j.scitotenv.2020.142006

 Zhang, D. Q., Hui, D. F., Luo, Y. Q., and Zhou, G. Y. (2008). Rates of litter decomposition in terrestrial ecosystems: global patterns and controlling factors. J. Plant Ecol. 1, 85–93. doi: 10.1093/jpe/rtn002

 Zhao, Y., Wang, Y., He, M., Tong, Y., Zhou, J., Guo, X., et al. (2020). Transference of Robinia pseudoacacia water-use patterns from deep to shallow soil layers during the transition period between the dry and rainy seasons in a water-limited region. For. Ecol. Manag. 457:117727. doi: 10.1016/j.foreco.2019.117727

 Zheng, H., Ouyang, Z., Wang, X., Miao, H., Zhao, T., Peng, T. B., et al. (2005). How different reforestation approaches affect red soil properties in southern China. Land Degrad. Dev. 16, 387–396. doi: 10.1002/ldr.650



OPS/images/fmicb-14-1324052-g005.jpg
Soil bacterial alpha diversity

ABRDA2(8.66%)

7 7 7
0-200 cm 200-500 cm 500-1000 em
6
6 6
5
5 5
4
= L6203x + 51052
k- 025
=001
4 4 3
02 04 06 08 0 03 o. 03 04 05 06
™ ™
2 s
0-200 cm 500-1000 cm|
L 15 1
' i os
os e -
o < H
2 s
) Zas 8.,
' s &
s 15 A H
onn
2 15 2
L e B Ts lodads T e de etz 6 GRaNdeon T Tz i
dbRDAIO91%) BRDAI(1207%) dbRDAI(9:52%)





OPS/images/fmicb-14-1324052-g006.jpg
Immune discase

Substance dependence
Infectous discasc: parasti
cer: specific types
Cardiovascular discase
Infectious discase: viral

Drug resistance: antincoplastic
Endocrine and metabolic discase
Neurodogencrative discasc
Cancer: overview

Infectious discase: bacterial
Drug resistance: antimicrobial
Sensory system

Development and regencration
Digestive system

Circulatory system

Excretory system

Immune system

Nervous system
Environmental adaptation
Aging

Endocrine system
‘Transcription

Folding, sorting and degradation

Replication and repair -

‘Translation

Signaling molecules and interaction
Signal transduction

Membranc transport

Cellular community - cukaryotes
‘Transport and catabolism

Cell motility

Cell growth and death

Cellular community - prokaryotes

Glycan biosynthesis and metabolism
Metabolism of terpenoids and polyketides
Metabolism of other amino acids
Biosynthesis of other sccondary metabolites
Xenobiotics biodegradation and metabolism
Lipid metabolism

Nucleotide metabolism

Metabolism of cofactors and vitamins
Encrgy metabolism

Amino acid metabolism

Carbohydrate metabolism

Global and overview maps

0-200 cm

200-500 cm

500-1000 cm Spearman's R

10

10





OPS/images/fmicb-14-1324052-g003.jpg
0-200 cm

Avg.degree

200-500 cm

Avg.degree

500-1000 cm

Avg.degree

8.46






OPS/images/fmicb-14-1324052-g004.jpg
0-200 em 200-500 cm 500-1000 em 0200 200-500 500-1000

e discse

o
s dcse e 13
‘c,,mm,;l’:ﬁ. e g

e S A [— 1™

W opreslaed
s b W downrepulned
D s oAl

\
Environmensl piaion

Endocrioc 338
Fldg g nmmp‘m
"ramishon
Sl e rd s
rbrane v
b conmay - S
"Tanspon

o i 3
ol
e TR el
e “w?,’?ni/.;‘m";’ilu‘w&‘.

g m‘hn;g!hui«w i el
R

iohtahd e maps —
000 005 035 040 000 005 035 040 000 005 035 040
Relative abundance (%) Relative sbundance (%)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Reforestation regulated soil bacterial community structure along vertical profiles in the Loess Plateau



		1 Introduction



		2 Materials and methods



		2.1 Sites and soil sampling



		2.2 Soil characteristics



		2.3 High-throughput sequencing of 16S rRNA genes



		2.4 Statistical analyses









		3 Results



		3.1 Variations of soil bacterial community diversity



		3.2 Variations of soil bacterial community composition and co-occurrence patterns



		3.3 Variations of soil bacterial functions



		3.4 Factors driving soil bacterial taxonomic and functional composition









		4 Discussion



		4.1 Effects of reforestation on soil bacterial communities along the vertical profile



		4.2 Effects of soil depth on soil bacterial in forests of different reforestation age









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-14-1324052-g001.jpg
. 2 n
G200em 200500 em 5001000 em
Lo @ b fee] @
o o
. » &
£oo i @ » .
H 54
- -
- @ ] -
an s a2
“ a 26
[ w2 ®2 v [ w2 w2 ¥ W W w2
0200em 200500 em S00-1000em
. . . 10 . .
o5 é
e
=1y
=l
o o
W w2 3 B W w0 [ L3 "2
04 04 06
200500 em 500-1000 cm
02 02 0. .
g K3 . < ﬁ.
1 = - . < .
=0 =0 =
o o o Y
g g o |2 LS
. o
02 ° 0
o’e
e o
04 06
05 02 0 025 05 o 04 0o o2
PC129.4% PC120.9% PC1 16.6%





OPS/images/fmicb-14-1324052-g002.jpg





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

Reforestation regulated soil
bacterial community structure
along vertical profiles in the Loess
Plateau












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







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






