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Abstract

:

Soil microorganisms play a crucial role in mediating material transformation and nutrient cycling. However, little attention has been paid to the relationships between microbial communities and altitude and lithology in karst regions. Sophora japonica cv. Jinhuai is an officinal plant cultivated in karst areas, and there is a correlation between the dynamics of microbial community and ecological factors. This study examined the diversity of microbial communities in the rhizosphere of S. japonica under different lithologies and altitudes in karst regions of northern Guangxi, China using high-throughput sequencing technology. It was found that the bacterial community consisted of 37 phyla, including Proteobacteria. The fungal community mainly comprised 15 phyla, including Ascomycota. The fungal Shannon and Chao1 indices increased with altitude, while the bacterial Shannon index decreased. The fungal Shannon indices in limestone soil were higher than those in dolomite. The soil’s microbial Shannon and Chao1 indices were positively affected by pH, while the available phosphorus and potassium had the opposite effect. Research shows that altitude, lithology, pH, and available phosphorus were the crucial factors influencing the rhizosphere soil microbial community. This study provides references for understanding the relationship between plants and microorganisms and the microbial distribution strategy of rocky desertification habitats in the future.
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1. Introduction


Soil microorganisms drive biogeochemical processes, such as decomposition of soil organic matter (SOM), ecological restoration of degraded soil, and regulation of nutrients in ecosystems [1]. The distribution modes, diversity patterns, and differences in the ecological niches of soil microorganisms are constrained by altitude, carbon, phosphorus, and other ecological factors. Research has found that, as altitude increases, microbial communities exhibit different trends, such as monotonic decline and linear increase in fungal diversity [2,3]. However, some results showed that the diversity and richness of bacteria decreased with the increase in altitude, while the contribution of soil factors to the distribution pattern of bacteria was different. And, the bacterial community did not necessarily follow the biogeographic distribution pattern of plants [1,4,5,6]. Therefore, the study of bacterial diversity in karst areas will help in understanding the microbial distribution strategy and ecological adaptability at low altitudes in rocky desertification areas.



In addition to altitude, lithology, and soil characteristics also directly or indirectly play a regulatory role in soil microorganism activity, community construction, and niche differentiation and have become the focus of community composition. The change of soil microorganisms is not only an index for detecting soil quality in karst areas but also is the basis for the evaluation of rocky desertification regions’ ecological recovery process [7]. Previous studies have indicated that pH may be associated with lithology [8]. The range of soil pH adapted to by bacteria is narrower than that of fungi, resulting in a stronger response of bacteria to pH compared to that of fungi [9]. Studies have shown that nitrogen (N) is closely related to plant photosynthesis, and plant photosynthetic products can lay a material foundation for the development of microbial communities [10,11]. Soil calcium (Ca) content is not only related to soil mother rock but also restricts the structure and homeostasis of the soil microenvironment, which in turn has different effects on soil fungal and bacterial community diversity [12,13]. Therefore, in karst limestone ecotopes, pH is related to SOM, Ca, magnesium (Mg), and other elements. Carbon (C), N, Ca, and other elements are key factors driving dynamic changes in microbial communities [7]. Lithology not only affects the circulation and transfer of soil elements under different site conditions but also restricts the acquisition of soil microbial resources, community construction, and other biological processes, and further shapes the structure and distribution pattern of the soil microorganisms. Therefore, exploring the composition and variation pattern of microbial communities under different soil mother rock will help in understanding the complex relationship between plants and microbial partners and the microbial distribution strategy of rocky desertification habitats.



Sophora japonica cv. Jinhuai is an officinal plant cultivated in the karst regions of Guangxi, China, with anti-inflammatory, antioxidant, and other properties [14]. Wild S. japonica resources are scarce in Guangxi, whereas the quality and plant growth status of cultivated S. japonica is quite different, which may be related to the dynamics of rhizosphere microbial community soils with different lithologies in karst areas, such as sandstone, dolomite, and limestone. This may affect the microorganism composition and diversity of the rhizosphere soil of S. japonica. Therefore, evaluating the response of bacterial and fungal diversity characteristics of rhizosphere soil of S. japonica under different altitudes and lithology treatments in karst areas of Guangxi to the driving factors of community changes, such as altitude, lithology, and soil nutrient conditions, will provide basic data for the future investigation of microbial distribution strategies and ecological functions of medicinal plants under different site backgrounds in karst areas.




2. Materials and Methods


2.1. Experimental Design


The study sites were located in Quanzhou, Jiantang, Baibao, Dongshan, Yanshan, Guilin City, and Guangxi Province, China. Quanzhou County (25°29′–26°23′ N, 110°37′–111°29′ E) has an annual temperature of 17.9 °C, annual rainfall of 1563.1 mm, and frost-free period of 294.6 days on average, indicating a subtropical monsoon climate [15].



Based on the geological backgrounds of the different lithologies and altitudes in the plot, three lithologies (sandstone, dolomite, and limestone) and seven altitudinal gradients were set up in the experiment. Two sandstone sampling sites were set up at altitudes of 100–200 and 600–700 m in Yanshan and Dongshan, represented by SY1 and SY2, respectively. Three dolomite sampling points were set up at altitudes of 100–200, 200–300, and 200–300 m in Jiantang and Quanzhou, represented by BY1, BY2, and BY3, respectively. Five limestone sampling sites were set up in Baibao and Dongshan at altitudes of 300–400, 400–500, 500–600, 600–700, and 700–800 m, represented by SH1, SH2, SH3, SH4, and SH5, respectively.



Remove the stones and other residues on the surface of the soil in the process of sampling, and 1 kg of the soil core was collected using a sterile shovel according to the five-point sampling method [16]. Three replicates were set up in each plot (250 m2), and three S. japonica were randomly selected for the collection of rhizosphere soil to form a biological composite sample. Samples were temporarily stored in ice boxes and transported to the laboratory. One set of soil samples was stored in a −20 °C refrigerator for DNA extraction and sequencing. One group was stored at 4 °C to be tested for soil physicochemical properties.




2.2. Experimental Equipment


The instruments and chemical reagents used in the test are shown in Table 1 and Table 2.




2.3. Determination of Physicochemical Properties of S. japonica Rhizosphere Soil


The soil samples were screened with a 100-mesh soil sieve. Dry soil was added to ddH2O [soil: water 1:2.5 (w/v)] and shaken for 15 min. The pH of the suspension was determined with a corrected pH meter (FE28; Mettler Toledo, Shanghai, China). The soil (100 mesh) was placed into a test tube, and 0.8 mol L−1 K2Cr2O7 and H2SO4 were added [17]. The soil was boiled at 180 °C for 5 min in a preheated oil bath (HH-S, Jiangsu Kexi Instrument, Changzhou, China), and titrated with 0.2 mol L−1 FeSO4 [17]. The SOM content was calculated based on the volume of FeSO4 used for titration [17]. The soil’s available nitrogen (AN) was measured by a Kjeldahl nitrogen analyzer (K1160, Shandong Hanon Scientific Instruments, Dezhou, China) after adding MgCl2 to the dried soil samples using a 10-mesh sieve [18]. The air-dried soil samples were added to a HCl/H2SO4 extractant [19]. After shaking and centrifugation, the supernatant was added to the indicator and display agent [19]. An ultraviolet–visible spectrophotometer (UV-1800PC; Shanghai Mapada Instruments, Shanghai, China) was used to measure the absorbance [19]. The soil’s available phosphorus (AP) content was calculated based on the constant volume during color development, and the phosphorus concentration was obtained from the standard curve [19]. Based on the exchange of NH4OAc and soil colloidal cations, the determination of the soil’s available potassium (AK) content was performed using a 1mol L−1 NH4OAc solution as the extractant. The soil was shaken after mixing with the solution, filtered with qualitative filter paper, and measured with a flame photometer (FP640, Shanghai Jingke Electronics, Shanghai, China) [20]. The AK content was calculated by a standard curve [20]. Air-dried soil was added to a 1 mol L−1 CH3COONH4 solution [21]. After shaking and centrifugation, the filtrate was collected, and the contents of available calcium (ACa) and available magnesium (AMg) in the soil were determined using ICAP (7200, Thermo Fisher Scientific, Waltham, MA, USA) [21].




2.4. Determination of Microbial Diversity of S. japonica Rhizosphere Soil


The experimental process mainly included DNA extraction, polymerase chain reaction (PCR) amplification, and product electrophoresis detection, pooling and gel purification, library construction, and sequencing. Soil microbial genomic DNA was extracted from the S. japonica rhizosphere soil using an ALFA soil DNA extraction kit (DZ302-02, Findrop, Guangzhou, China). And, NanoDrop One UV-visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was developed for the determination of DNA purity and concentration. Genomic DNA was used as a template, and specific primers with a barcode were selected for PCR amplification, according to the sequencing region. Primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the 16S rRNA gene V3V4-1 region of bacteria [5]. The bacterial PCR amplification system consisted of 25 μL of TAKARA taq enzyme, 2.5 μL (10 μM) of each primer-F and primer-R, 50 ng of DNA, and ddH2O added to 50 μL. Amplification procedures were 94 °C for 5 min, 94 °C for 30 s, 53 °C for 30 s for 32 cycles, 72 °C for 30 s, and 72 °C for 8 min [22].



Using ITS3-F (5′-GCATCGATGAAGAACGCA-3′) and ITS4-R (5′-TCTCCGCTTATTGGATGC-3′) primers to amplify the fungi ITS2-1 gene [6], the fungal PCR amplification system consisted of Novoprotein taq enzyme 25 μL, Primer-F 2 μL (10 μM), Primer-R 2 μL (10 μM), DNA 50 ng, and ddH2O added 50 μL. The amplification procedures were 3 min at 95 °C,95 °C for 20 s, 53 °C for 20 s for 32 cycles, 72 °C for 30 s, and 5 min at 72 °C [22]. To detect the length of the amplified product and the purity, 1% agarose gel electrophoresis was used (the electrophoresis conditions were 100 V, 30 min). The samples with the main band length in the normal range can be used for further experiments. The sample volume of the PCR product was 3 μL, the product quality concentration was ≥15 ng/3 μL, and the band was clear as a qualified sample, which could be used for subsequent experiments. Dispersion of bands, contamination of miscellaneous bands, fragment size not in the range, or low concentration were unqualified samples. Using GeneTools (version 4.03.05.0, SynGene, Cambridge, The United Kingdom) to compare the PCR product concentration, calculate the samples’ volume and mix the products. TE buffer was used to recover the target DNA fragment. Using the Illumina Nova 6000 to amplify library sequencing. Guangdong Magigene Biotechnology (Guangzhou, China) was responsible for sample sequencing.





3. Data Analysis


3.1. Bioinformatics Analysis


The slide window quality clipping for the raw read was aided by Fastp (v 0.14.1, https://github.com/OpenGene/fastp, accessed on 25 June 2023). Cutadapt (v 1.14, https://github.com/marcelm/cutadapt/, accessed on 25 June 2023) was primarily used to remove primers to obtain paired-end reads. Usearch-fastq_ mergepairs (v 10.0.240, http://www.drive5.com/usearch/, accessed on 25 June 2023) was used to filter unqualified tags and obtain raw tags, using Fastp again for effective splicing fragments (clean tags). The sequences were classified by 97% similarity, and OTU clustering was performed using UPARSE. The sequences of bacteria and fungi were analyzed using SILVA (https://www.arb-silva.de/, accessed on 25 June 2023) and UNITE (https://unite.ut.ee/, accessed on 25 June 2023), respectively [23].




3.2. Statistical Analyses


Usearch-alpha_div (v 10.0.240, http://www.drive5.com/usearch/, accessed on 25 June 2023) was used to calculate the Chao1 index and the Shannon–Wiener index of soil microorganisms to reflect the alpha diversity [24]. The microorganisms’ operational taxonomic units (OTUs) numbers at different classification levels were analyzed by Excel. S. japonica’s rhizosphere soil physicochemical properties and microorganisms’ alpha index were analyzed by SPSS (v 26.0). The two groups were tested by two independent-sample t-tests. The three groups were tested by one-way ANOVA and LSD, and the Duncan multiple test (p < 0.05). R (v 4.2.3) was used to plot the species relative abundance.



According to the OTU level and the Bray–Curtis distance algorithm, R was used to perform a non-metric multidimensional scaling (NMDS) analysis [25]. Differences between groups were measured by analyses of molecular variance (AMOVA) and analysis of similarities (ANOISM). A canonical correlation analysis (CCA) was used to examine the relationship between environmental factors and microbial community species distribution. At the OTU level, variance partitioning canonical correspondence analysis (VPA) was used to determine the effects of environmental factors on the distribution of microorganisms. The Mantel test was used to analyze the Pearson relationship between environmental factors and dominant microorganisms.





4. Results


4.1. Physicochemical Properties of S. japonica Rhizosphere Soil


The physicochemical properties of S. japonica soil samples with different soil mother rock and altitude treatments are shown in Table 3. The soil was acidic, with an average pH of 5.61, ranging from 4.25 to 6.80. The average pH of the soil developed from dolomite (4.93) was lower than that of limestone (5.88) and sandstone (5.94). The average contents of AN, AMg, ACa, AK, and SOM in the soil developed from limestone are higher than those in dolomite and sandstone. The average content of pH, AN, ACa, and SOM increased with the increase in altitude. SOM, AN, ACa, AK, and pH were positively correlated with AMg content.




4.2. Rhizosphere Microbial Community Composition of S. japonica


The number of microorganisms identified under different lithologies and altitudes is shown in Table 4. After removing low-quality reads and comparing them with the database, a total of 3,705,426 raw total reads were obtained from the rhizosphere soil bacterial community of S. japonica. After filtering and optimizing low-quality reads, 3,665,355 clean total reads were obtained, and 3,087,417 clean total tags were obtained by splicing quality control. The reads were compared with the database to remove non-bacterial species, and 19,634 OTUs and 2,231,333 sequences were obtained. A total of 16,569 OTUs were identified at the phylum level, and a total of 37 phyla, 98 classes, 201 orders, 274 families, 531 genera, and 441 species were identified.



A total of 2,627,644 raw total reads were obtained from the rhizosphere soil fungal community of S. japonica. After filtering and optimizing low-quality reads, 2,611,680 clean total reads were obtained, and 2,218,325 clean total tags were obtained by splicing quality control. The reads were compared with the database to remove non-fungal species, and 4252 OTUs and 1,695,458 sequences were obtained. A total of 3438 OTUs of fungi were identified to the phylum level, including 15 phyla, 46 classes, 112 orders, 239 families, 359 genera, and 259 species were identified. The total OTUs of bacteria and fungi in the rhizosphere soil of S. japonica developed from limestone were higher than those developed from sandstone and dolomite.



The rhizosphere microbial community of S. japonica is shown in Figure 1. The bacterial community comprises 37 phyla, including Proteobacteria (5159 OTUs, 26.2%), Acidobacteria (2711 OTUs, 13.8%), Chloroflexi (1669 OTUs, 8.5%), Bacteroidetes (1188 OTUs, 6.0%), Firmicutes (970 OTUs, 4.9%), and Actinobacteria (957 OTUs, 4.8%). Proteobacteria was the dominant bacterial phylum of S. japonica rhizosphere. The fungal community consisted of 15 phyla, including Ascomycota (2087 OTUs, 49%), Basidiomycota (607 OTUs, 14.2%), Glomeromycota (365 OTUs, 8.5%), Chytridiomycota (107 OTUs, 2.5%), Rozellomycota (91 OTUs, 2.1%), and Mucoromycota (75 OTUs, 1.7%). The S. japonica rhizosphere’s dominant fungal phyla were Ascomycota and Basidiomycota.




4.3. Microorganism α Diversity of Rocky Desertification Degree and Altitude Gradient Pattern


The abundance and diversity of rhizosphere soil microorganisms varied with lithology and elevation (Table 5 and Table 6). The bacterial mean Shannon index and Chao1 index were 2.68 and 3790, respectively. The fungal mean values of the Shannon index and the Chao1 index were 1.63 and 769, respectively. Elevation increased the fungal Shannon and Chao1 indices. The increase in altitude increased the Chao1 index of the bacterial community and decreased the Shannon index. The Shannon index of the fungal community in the rhizosphere of the soil developed from limestone was higher than that of the soil developed from sandstone and dolomite, while the bacteria were the opposite.



The significance of the analysis of the community differences between the groups showed that the p-values of the AMOVA results of microorganisms were all 0.00, and the p-values of the ANOSIM results were all 0.001, indicating that there were differences in the S. japonica rhizosphere microorganism at the OTU classification level. The fungal community was relatively aggregated compared to the bacterial community. The community structure differed significantly between groups, and it was greater than the difference within groups (Figure 2). A Venn analysis showed that the number of OTUs shared by bacteria in the rhizosphere of S. japonica was 1318, whereas the number of OTUs shared by fungi was 275. The number of bacterial community-specific OTUs in each group was 751–1009, whereas that of fungal-specific OTUs was 95–252 (Figure 3).




4.4. Relationship between External Factors and Microorganisms


Figure 4 shows the CCA between the environmental factors and S. japonica rhizosphere microorganisms. The CCA results for bacteria showed that CCA1 and CCA2 explained 22.2 and 16.8% of the total variable, respectively. The effects of pH and AP on bacterial communities were greater. The CCA results for fungi showed that CCA1 and CCA2 explained 17.7 and 15.4% of the total variables, respectively. Lithology, altitude, and pH were the key factors affecting the distribution of fungal communities. The VPA results (Figure 5) showed that pH and altitude explained 6% and 3% of the bacterial distribution, respectively, and they were important factors driving dynamic changes in bacterial communities. Lithology, altitude, and pH explained 4%, 3%, and 3%, respectively, and became the dominant factors affecting fungal community changes.




4.5. Correlation between Dominant Microorganisms and Ecological Factors


Altitude, lithology, and soil factors were related to S. japonica rhizosphere microorganisms, with different effects. The Pearson correlation between the rhizosphere microbial community and the ecological factors is shown in Figure 6.



The α diversity of rhizosphere fungi (Shannon and Chao1) was positively correlated with altitude. Elevation increased the abundance of dominant fungal phyla, such as Zoopagomycota, Glomeromycota, and Basidiomycota. Elevation decreased the bacterial Shannon index but increased the Chao1 index. An increase in altitude helps increase Chloroflexi abundance but reduces the abundance of Proteobacteria and Acidobacteria. The abundance of Basidiomycota and Mortierellomycota in soils developed from limestone was higher than that in soils developed from dolomite.



S. Japonica rhizosphere soil pH was positively correlated with microbial α diversity (Shannon and Chao1). pH was positively correlated with the abundance of Basidiomycota, Glomeromycota, and Acidobacteria. The contents of AP and AK were negatively correlated with the Shannon and Chao1 indices of rhizosphere soil microorganisms (bacteria and fungi), and negatively correlated with the abundance of Gemmatimonadetes and Ascomycota. The content of AP was negatively correlated with the abundance of Basidiomycota. ACa, SOM, and AN showed a significant positive correlation (p < 0.01), which jointly increased the fungal Shannon index and reduced the bacterial Shannon index. Together, AN and SOM increased the abundance of Rozellomycota, Olpidiomycota, and Proteobacteria, but had a negative impact on Firmicutes. The content of AMg was positively correlated with the Shannon and Chao1 indices of the bacterial community and the Shannon index of the fungal community and negatively correlated with the abundance of Proteobacteria and Mortierellomycota.





5. Discussion


5.1. Rhizosphere Microorganisms Composition of S. japonica


In the collected rhizosphere soil samples of S. japonica, the bacterial community mainly included Proteobacteria and Acidobacteria, which was similar to those found in the Changbai Mountain tundra and Arctic tundra grassland and shrub soil [26,27]. Proteobacteria have a high reproductive rate, can adapt to nutrient-rich areas, and play an important role in plant nitrogen uptake [28]. Acidobacteria can not only improve plant root status, promote plant nutrient uptake, and enhance plant resistance to drought, salinity, and other stresses but also survive in acidified soils [29,30]. Fungal communities mainly included Ascomycota, Basidiomycota, and other fungal phyla. The Guadiamar Green Corridor [1] and Gloria Mountain summits [9] showed similar dominant fungal patterns. Ascomycota were often found in semi-arid areas [31] and forest soils [1] because of their ability to degrade cellulose, while Basidiomycota can secrete substances that degrade complex polymers and are dominant in complex sites with plant succession and low soil nutrient quality [1,32]. The distribution pattern of soil microorganisms in the rhizosphere of S. japonica indicated that the microorganisms composition, although disturbed by external ecological factors, was not completely unique; however, there were certain similarities [26].




5.2. Pattern of Microbial Diversity with Altitude


This study found that the S. japonica rhizosphere fungal Shannon and Chao1 indices were positively correlated with altitude, whereas the bacterial community increased in the Chao1 index but decreased in the Shannon index with an increase in altitude. There were three possible reasons for this finding. First, researchers generally agree that altitude increases with the lower temperature, slowing the SOM decomposition speed, and promoting the litter accumulation of SOM [33,34]. In this study, altitude, SOM, and fungal α diversity were positively correlated. The abundance of dominant fungi like Glomeromycota, Basidiomycota, and Zoopagomycota increased with increasing altitude, which may have contributed to the changing pattern of the fungal altitude gradient. Second, an increase in temperature is conducive to the survival of Proteobacteria, Acidobacteria, and other bacteria that can adapt to extreme environments and promote the mineralization of organic matter [33,35]. This indirectly confirmed that the decrease in temperature caused by the increase in altitude in this study inhibited the dominant bacterial phylum, which may lead to a decrease in bacterial community diversity. Lastly, the different effects of altitude on bacterial community Shannon and Chao1 indices may be attributed to the different responses of bacterial phyla, such as Acidobacteria and Chloroflexi, to altitude. Both this study and Bryant’s findings suggested that altitude has a negative effect on Acidobacteria [4]. Chloroflexi abundance increased with an increasing altitude in this study. Chloroflexi is a highly metabolically diverse group of bacteria found in permafrost and low-nutrient soils [9]. In this study, the increase of Chloroflexi abundance with altitude may be attributed to the strong ecological adaptability of this phylum.



In summary, the soil microorganism diversity pattern does not predictably follow the biogeographic distribution pattern of terrestrial organisms on the altitudinal gradient but shows a diversified change pattern [9]. Similar to the distribution pattern of fungi, there are regional differences, for example, on Mount Kilimanjaro [3] and in Hawai’i [2]. Different microbial phyla and dominant species may have unique responses and complex regulatory mechanisms in response to altitudinal gradients [9]. Therefore, in the future, the authors should explore the response mechanisms of soil-dominant, indigenous, and endemic microorganisms to altitude and the niche differentiation mechanisms of communities at different classification levels.




5.3. Relationship between Microbial Community and Lithology


This study found that the total OTUs of bacteria and fungi in limestone habitats were higher than those in sandstone and dolomite habitats. For the fungal Shannon index, limestone was higher than dolomite, whereas the opposite was true for the bacteria. There were probably three reasons for this. First, the karst limestone area has a high calcium carbonate content, high porosity, and exposed bedrock. Strong karstification creates numerous crevices on the rock surface, providing breeding sites for microorganisms [36,37]. The weathering rate of rocks in the limestone area is higher than that of dolomite, which is conducive to the accumulation of SOM and AN [38,39], and provides sufficient amounts of nutrients for the development of terrestrial plants and soil microorganisms. Second, soil fertility is fundamentally limited and directly affected by the nature of the rock [40]. The average contents of AN, SOM, and ACa in soils developed from limestone were higher than those in soils developed from dolomite and sandstone. In this study, there was a significant positive correlation between SOM, ACa, and AN contents in the rhizosphere of S. japonica, which were closely related to the structure of the soil’s mother rock, and all of them were positively correlated with the Shannon index of the fungal community. This may be the reason why the Shannon index of the fungal community in the soil developed by limestone was higher than that in the soil developed by sandstone and dolomite. AN, SOM, and ACa were negatively correlated with bacterial diversity, indirectly reflecting the inferiority of bacterial community richness and diversity in the process of rock desertification. However, not all bacterial phyla were inhibited by rocky desertification. For example, the strong ecological adaptability of Chloroflexi makes it widely distributed across Gloria Mountain, permafrost, high-altitude barren soils, and other habitats [9]. Third, changes in fungal communities were inseparable from the adaptability of the flora to the environment. In this study, the abundance of Basidiomycota fungi in limestone-developed soils was higher than that in dolomite-developed soils. Basidiomycota species can produce spores in harsh environments and can migrate easily through the air [12], making this group a dominant fungal phylum in the rhizosphere of S. japonica. Simultaneously, the reproduction of the dominant fungal phylum may contribute to the improvement in fungal community diversity under rocky desertification conditions. The spread of dominant Basidiomycota spores has also been observed in extreme environments, such as glaciers [12].



Rocky desertification in karst areas is related to lithology [41], and the degree of rocky desertification in limestone areas is more severe than in dolomite areas [41]. The soil mother rock not only affects soil-elements circulation and transmission but also restricts the acquisition of soil microbial resources, community construction, and other biological processes, further shaping the structure and distribution pattern of microorganisms and ultimately leading to soil quality and productivity changes. The physiological adaptability and ecological strategies of microorganisms in response to rocky desertification and reverse development warrant further exploration.




5.4. Relationship between Microorganisms and Soil Factors


Soil acidity and alkalinity are important regulatory indicators of bacterial community composition [13]. pH had a positive effect on the microorganisms’ α diversity, which was consistent with the results of the study conducted in the Gloria Mountain summits [9]. The change of microbial community in the rhizosphere of S. japonica was not only related to the pH range but also related to the ecological adaptability of Acidobacteria, Glomeromycota, and other microbial groups. The preference of Acidobacteria for acidic soils has led to an increase in the abundance of the phylum [42]. The result of this study was in contrast to the conclusions of other papers in which the proportion of Acidobacteria increased with a decrease in pH [26,29,43]. The pH was positively correlated with the abundance of dominant fungi such as Glomeromycota based on mycorrhizal symbionts in the rhizosphere of S. japonica. Glomeromycota occupied a wide niche by relying on its strong ecological adaptability [12]. This may contribute to the positive effect of pH on the α diversity of the fungal community as a whole. These results indicated that the effects of soil acidity and alkalinity on different microbial groups were different and that soil acidity and alkalinity were the main factors that predicted changes in microbial community diversity.



Both AN and SOM in the rhizosphere soil of S. japonica had adverse effects on the bacterial Shannon index but contributed to the improvement in the fungal Shannon index. Liao et al. and Zhang et al. suggested that an increase in N content promoted plant photosynthesis, and increased litter and C input could provide N sources for microorganisms, with fungi using the C preferentially [10,44]. This helped to improve fungi community diversity but reduced bacterial diversity. AN and SOM in the rhizosphere of S. japonica jointly increased the abundance of Rozellomycota, Olpidiomycota, and other fungi. The inhibitory effects of AN and SOM on bacteria may be attributed to the negative effects of Firmicutes, which have acute requirements for resources and nutrient conditions such as organic carbon pools [11,44]. The large number of bacterial groups led to the lack of relative resources and reduced the relative abundance of the bacterial phylum [11,44]. However, this study found that AN and SOM increased the abundance of Proteobacteria and other bacteria. Proteobacteria consume volatile SOM with high nutritional requirements [42], and the proteins’ abundance, which is involved in lipid metabolism and transport, is related to carbon content. Low-carbon areas may have competitive advantages [45], and high-nutrient areas are more conducive to the development of this phylum. This was similar to the results obtained from semi-arid Mediterranean soils [46] and Anqing paddy fields [42].



Both S. japonica rhizosphere AP and AK had a negative impact on microbial α diversity. AP and AK affect microbial competitive behavior, survival strategies, and individual life cycles by combining other soil factors, which in turn leads to changes in the microorganisms’ structure in agricultural saline soil, tropical ecosystems, the Loess Plateau [47], and other regions [8,48,49]. Low AP and AK are premises for improving the microorganisms’ diversity, and nutrient enrichment may inhibit the development of dominant species in the community, limit the exchange of resources between microorganisms and the outside world, and adversely affect soil microorganisms. AP has been found to reduce Ascomycota, Gemmatimonadetes, and Basidiomycota abundance in the rhizospheres of S. japonica, grapes [50], and watermelons [51]. Gemmatimonadetes are oligotrophic bacteria found in low-humidity, low-oxygen, semi-arid and arid regions, and alpine regions [10,52]. Ascomycota and Basidiomycota are distributed in temperate forests, arid areas, cultivated lands, rainforests, and other areas with different ecological and environmental conditions [53,54]. Dominant species with a wide ecological range are stressed by nutrient enrichment, and the stress-resistance mechanisms of different strains and the response mechanisms to the diffusion and loss of soil elements require further study.



Elevated ACa and AMg in the S. japonica rhizosphere were associated with the bacterial community Chao1 index and the fungal community Shannon index. Ca is important for maintaining environmental homeostasis for spore formation, mycelial growth, and cell division [12,55]. Therefore, areas with high Ca content have high fungal diversity [12,55]. In this study, the content of ACa in soils developed from limestone was higher than that in soils developed from dolomite and sandstone, which may be the reason for the positive correlation between ACa and the Shannon index of the fungal community. The high mobility and filterability of Mg in the soil make the lack of Mg in the soil a prominent problem in acidic soils [56]. Mg can increase the bacterial Shannon and Chao1 indices in both S. japonica and tea-garden soil [56]. On the one hand, it may be because Mg promotes plant growth, increases soil litter, helps SOM decompose, and provides C sources for microbial growth [56,57]. On the other hand, the dissolution of Mg compounds can provide hydroxide ions [56,57], increase soil pH, alleviate acid stress, and then reduce the leaching, extraction, and transfer of K, Ca, and other elements [56,57] as well as increase nutrient input. In the S. japonica rhizosphere, AMg was positively correlated with pH, SOM, ACa, and AK content. In summary, Ca and Mg play important roles in improving nutrient conditions and shaping microbial communities. The differential response mechanisms of microorganisms to diverse environmental variables, such as soil calcium and magnesium, require further research.





6. Conclusions


In this study, S. japonica rhizosphere microorganism diversity at different altitudes and lithological conditions in the karst area of Guangxi, China, was investigated to provide basic data for the development of soil microbial community function in karst areas in the future. The rhizosphere bacteria of S. japonica covered 37 phyla of 441 species, including Proteobacteria, and the fungal community covered 15 phyla of 259 species, including Ascomycota and Basidiomycota. An elevated altitude increased the fungal Shannon and Chao1 indices in the rhizosphere soil of S. japonica while decreasing the bacterial Shannon index. Fungal diversity in limestone plots was higher than that in dolomite plots. There was a significant positive correlation between soil ACa, SOM, and AN (p < 0.01), which was positively correlated with the Shannon index of the fungal community. The results showed that altitude, lithology, pH, and AP were key factors driving changes in the microorganisms. Whether changes in the rhizosphere microorganisms are the cause of the differences in the growth and secondary metabolites of S. japonica must be explored.
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Figure 1. Rhizosphere microbial community composition of S. japonica. Notes: This connection indicates the presence of microbial phylum in the sample. The thicker the connection, the higher the species abundance is. 
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Figure 2. NMDS analysis of bacterial and fungal communities in each group. 
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Figure 3. Common and unique OTUs of bacterial and fungal communities. Note: The overlapping region represents the number of OTUs shared by the group, and the non-overlapping region represents the number of OTUs specific to the group. 
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Figure 4. CCA of microbial community and environmental factors in rhizosphere soil of S. japonica. 
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Figure 5. The contribution of environmental factors to the distribution of microbial communities. Note: Each circle represents an environmental factor. The percentage of overlapping parts of circles represents the degree of interpretation after the interaction of two (or several) environmental factors, excluding other effects. The percentage of nonoverlapping parts represents the degree of interpretation of the difference in the distribution of community species after the exclusion of other factors by a certain environmental factor. Outside the circle represents the proportion of all environmental factors that cannot be explained. 
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Figure 6. Pearson correlation between rhizosphere microbial community and ecological factors of S. japonica. Note: The line color of the network diagram represents the correlation between the microbial phylum and ecological factors. Red represents a positive correlation, and blue represents a negative correlation. The line type of the network diagram represents the p-value range. Solid lines represent p < 0.05, and dashed lines represent p ≥ 0.05. The line thickness represents the absolute value of the correlation coefficient. The color of the correlation heat map represents the correlation coefficient. Red represents a positive correlation, and blue represents a negative correlation. A deeper color and a larger area indicate a stronger correlation. 
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Table 1. Equipment related information.
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	Equipment
	Manufacturer
	City
	Country





	pH meter (FE28)
	Mettler Toledo
	Shanghai
	China



	oil bath (HH-S)
	Jiangsu Kexi Instrument
	Changzhou
	China



	Kjeldahl nitrogen analyzer (K1160)
	Shandong Hanon Scientific Instruments
	Dezhou
	China



	Ultraviolet–visible spectrophotometer (UV-1800PC)
	Shanghai Mapada Instruments
	Shanghai
	China



	flame photometer (FP640)
	Shanghai Jingke Electronics
	Shanghai
	China



	ICAP (7200)
	Thermo Fisher Scientific
	Waltham
	America










 





Table 2. Chemical reagents.
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	Reagents
	Concentration





	K2Cr2O7
	0.8 mol L−1



	H2SO4
	98%



	FeSO4
	0.2 mol L−1



	MgCl2
	analytical pure



	HCl/H2SO4
	4.0 mL HCl + 0.7 mL H2SO4



	NH4OAc
	1 mol L−1



	CH3COONH4
	1 mol L−1










 





Table 3. Soil physicochemical properties of sampling points.
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Sample

Code

	
Altitude

(m)

	
Longitude and Latitude

	
pH

	
AP

(mg kg−1)

	
AN

(g kg−1)

	
AMg

(mg kg−1)

	
ACa

(mg kg−1)

	
AK

(mg kg−1)

	
SOM

(g kg−1)






	
SY1

	
171.45

	
25°4′8″ 110°18′3″

	
5.99 ± 0.52 a

	
35 ± 12 a

	
0.09 ± 0.00 a

	
66 ± 17 a

	
1062 ± 286 a

	
175 ± 160 a

	
14 ± 0.31 a




	
SY2

	
672.25

	
25°50′19″

111°12′27″

	
5.89 ± 0.37 a

	
55 ± 39 a

	
0.16 ± 0.05 a

	
55 ± 12 a

	
835 ± 126 a

	
87 ± 26 a

	
21 ± 6.21 a




	
BY1

	
171.45

	
25°53′25″

111°3′33″

	
5.44 ± 0.12 a

	
73 ± 58 b

	
0.13 ± 0.01 b

	
47 ± 7 a

	
698 ± 72 a

	
52 ± 8 b

	
19 ± 0.38 b




	
BY2

	
230.40

	
25°55′17″

111°0′52″

	
4.72 ± 0.32 b

	
166 ± 121 b

	
0.12 ± 0.02 b

	
31 ± 17 a

	
440 ± 143 a

	
145 ± 85 b

	
18 ± 4.34 b




	
BY3

	
25°49′26″

111°2′18″

	
4.62 ± 0.34 b

	
825 ± 72 a

	
0.21 ± 0.03 a

	
49 ± 23 a

	
1155 ± 661 a

	
298 ± 33 a

	
29 ± 3.16 a




	
SH1

	
319.10

	
25°52′28″

111°6′1″

	
5.65 ± 0.73 b

	
67 ± 42 b

	
0.18 ± 0.06 b

	
306 ± 14 a

	
2432 ± 242 b

	
171 ± 125 a

	
19 ± 2.01 c




	
SH2

	
438.50

	
25°51′36″

111°8′8″

	
6.48 ± 0.38 a

	
181 ± 90 b

	
0.16 ± 0.04 b

	
136 ± 65 b

	
2279 ± 347 b

	
218 ± 119 a

	
23 ± 7.17 bc




	
SH3

	
537.40

	
25°53′54″

111°10′41″

	
4.66 ± 0.34 c

	
381 ± 19 a

	
0.24 ± 0.10 b

	
106 ± 16 b

	
544 ± 128 d

	
241 ± 79 a

	
25 ± 4.71 bc




	
SH4

	
672.25

	
25°49′28″

111°15′37″

	
6.10 ± 0.25 ab

	
182 ± 95 b

	
0.35 ± 0.02 a

	
115 ± 13 b

	
3312 ± 145 a

	
188 ± 49 a

	
53 ± 0.53 a




	
SH5

	
714.00

	
25°50′19″

111°12′28″

	
6.51 ± 0.25 a

	
195 ± 95 b

	
0.19 ± 0.05 b

	
93 ± 5 b

	
1782 ± 347 c

	
142 ± 83 a

	
28 ± 5.21 b








Notes: Data are presented as mean ± standard deviation. The difference in physicochemical properties of soil samples at each sampling point of S. japonica was represented by different lowercase letters (p < 0.05). AP: available phosphorus. AN: available nitrogen. AMg: available magnesium. ACa: available calcium. AK: available potassium. SOM: soil organic matter.













 





Table 4. S. japonica rhizosphere microorganism statistics at different classification levels.
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	Sample ID
	Phylum
	Class
	Order
	Family
	Genus
	Species
	OTUs





	SY1
	33 (11)
	86 (35)
	150 (79)
	206 (153)
	352 (191)
	254 (116)
	6987 (1458)



	SY2
	31 (11)
	83 (36)
	154 (80)
	210 (137)
	324 (187)
	227 (93)
	6685 (1588)



	BY1
	27 (11)
	80 (35)
	148 (76)
	193 (146)
	311 (190)
	217 (100)
	6529 (1391)



	BY2
	30 (11)
	83 (31)
	150 (71)
	203 (130)
	330 (175)
	246 (79)
	6469 (1355)



	BY3
	31 (9)
	82 (29)
	156 (69)
	214 (128)
	375 (171)
	274 (101)
	6463 (1208)



	SH1
	28 (8)
	85 (31)
	160 (72)
	212 (130)
	380 (167)
	277 (92)
	6516 (1391)



	SH2
	28 (11)
	85 (30)
	161 (65)
	223 (121)
	379 (161)
	269 (91)
	6499 (1159)



	SH3
	29 (10)
	79 (32)
	142 (74)
	192 (127)
	315 (154)
	221 (86)
	5486 (1219)



	SH4
	29 (13)
	84 (35)
	143 (81)
	205 (140)
	319 (185)
	220 (97)
	6303 (1534)



	SH5
	34 (10)
	88 (34)
	171 (74)
	220 (134)
	352 (172)
	247 (97)
	6709 (1395)



	Total
	37 (15)
	98 (46)
	201 (112)
	274 (239)
	531 (359)
	441 (259)
	19,634 (4252)







Notes: The number of bacteria and fungi at each classification level are identified outside and inside the brackets, respectively.













 





Table 5. Index of bacterial community diversity in rhizosphere soil of Sophora japonica.






Table 5. Index of bacterial community diversity in rhizosphere soil of Sophora japonica.





	Sample ID
	Richness Index
	Chao1 Index
	Shannon Index
	Simpson Index





	SY1
	4215 ± 399 a
	4216 ± 399 a
	2.82 ± 0.07 a
	0.01 ± 0.00 a



	SY2
	4045 ± 63 a
	4046 ± 63 a
	2.83 ± 0.08 a
	0.01 ± 0.00 a



	BY1
	3864 ± 480 a
	3865 ± 480 a
	2.72 ± 0.14 a
	0.01 ± 0.00 a



	BY2
	3588 ± 726 a
	3589 ± 726 a
	2.61 ± 0.17 a
	0.01 ± 0.00 a



	BY3
	3551 ± 498 a
	3552 ± 498 a
	2.65 ± 0.16 a
	0.01 ± 0.00 a



	SH1
	3874 ± 303 a
	3875 ± 303 a
	2.77 ± 0.03 ab
	0.01 ± 0.00 a



	SH2
	3760 ± 321 ab
	3761 ± 321 ab
	2.68 ± 0.20 ab
	0.01 ± 0.01 a



	SH3
	3137 ± 575 b
	3138 ± 575 b
	2.43 ± 0.34 b
	0.03 ± 0.04 a



	SH4
	3813 ± 122 ab
	3814 ± 122 ab
	2.51 ± 0.12 ab
	0.02 ± 0.01 a



	SH5
	4047 ± 378 a
	4048 ± 378 a
	2.82 ± 0.09 a
	0.01 ± 0.00 a







Note: The value represents the mean ± standard deviation; The difference in the alpha index of bacterial community in the rhizosphere of S. japonica was expressed by different lowercase letters (p < 0.05).













 





Table 6. Index of fungal community diversity in rhizosphere soil of Sophora japonica.






Table 6. Index of fungal community diversity in rhizosphere soil of Sophora japonica.





	Sample ID
	Richness Index
	Chao1 Index
	Shannon Index
	Simpson Index





	SY1
	816 ± 91 a
	817 ± 90 a
	1.62 ± 0.10 a
	0.07 ± 0.01 a



	SY2
	926 ± 106 a
	927 ± 106 a
	1.61 ± 0.49 a
	0.13 ± 0.17 a



	BY1
	776 ± 78 a
	777 ± 78 a
	1.49 ± 0.20 a
	0.12 ± 0.06 a



	BY2
	735 ± 36 a
	736 ± 36 a
	1.66 ± 0.21 a
	0.07 ± 0.04 a



	BY3
	676 ± 116 a
	677 ± 115 a
	1.43 ± 0.42 a
	0.15 ± 0.16 a



	SH1
	779 ± 123 a
	780 ± 122 a
	1.78 ± 0.12 abc
	0.05 ± 0.02 ab



	SH2
	647 ± 37 a
	649 ± 37 a
	1.51 ± 0.22 c
	0.11 ± 0.06 a



	SH3
	695 ± 88 a
	696 ± 88 a
	1.54 ± 0.18 bc
	0.09 ± 0.04 ab



	SH4
	827 ± 152 a
	829 ± 151 a
	1.88 ± 0.02 a
	0.04 ± 0.01 b



	SH5
	797 ± 90 a
	798 ± 90 a
	1.82 ± 0.13 ab
	0.05 ± 0.02 ab







Note: The value represents the mean ± standard deviation; The difference in the alpha index of the fungal community in the rhizosphere of S. japonica was expressed by different lowercase letters (p < 0.05).
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