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Abstract

:

Poa alpigena Lindm. is a dominant forage grass that is widely distributed on the Qinghai-Tibetan Plateau and is often used in the restoration of degraded grasslands. Soil microorganisms are major players in the cycling of materials in terrestrial ecosystems. In this study, based on high-throughput sequencing, the rhizosphere and non-rhizosphere soils of Poa alpigena L. on Bird Island, Qinghai Lake, were used to investigate the effects of Poa alpigena L. on the composition and structure of soil microbial communities, and to establish associated soil microbial gene pools. Results revealed that microorganisms in the soil of Poa alpigena L. on Bird Island belonged to 62 phyla, 112 classes, 245 orders, 518 families, 1610 genera, and 5704 species. The dominant soil bacteria in rhizosphere and non-rhizosphere soils were Proteobacteria (49.62%, 47.13%) and Actinobacteria (30.31% and 31.67%), whereas the dominant fungi were Ascomycota (3.15% and 3.37%) and Basidiomycota (0.98% and 1.06%). Alpha diversity analysis revealed that the microbial richness and diversity in non-rhizosphere soil were significantly higher than those in rhizosphere soil, mainly influenced by soil water content and total nitrogen content. Furthermore, on the basis of LEfSe analysis, Alphaproteobacteria and Betaproteobacteria were identified as prominent differential taxa for rhizosphere and non-rhizosphere soils, respectively. The key differential metabolic pathways of rhizosphere soil microorganisms were those associated with the ATP-binding cassette (ABC) transporter, basal metabolism, and cytochrome P450 metabolism, whereas those of non-rhizosphere soil microorganisms included the gene expression-related pathways, methane metabolism, and pathway associated with degradation of aromatic compounds. These findings indicated that the rhizosphere soil of Poa alpigena L. is selective for microorganisms that play important roles in the oxidation of methane and regulation of the greenhouse effect on Bird Island, and that the soil environment on this island may be subject to contamination with aromatic compounds.
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1. Introduction


As important components of soil ecosystems, soil microorganisms play key roles in ecosystem material cycling, affecting a diverse range of ecosystem processes, including soil carbon and nitrogen cycling, plant productivity, and litter decomposition, and the microbial species and functional diversity can serve as important indicators for evaluating soil quality [1,2,3]. The rhizosphere is one of the sites of particularly heightened plant material cycling activity and energy metabolism, and rhizosphere microorganisms play key roles in plant growth and development, which can improve plant productivity and resistance as well as soil properties, ultimately leading to changes in plant communities and soil ecosystem elemental cycles and patterns [4,5]. Rhizosphere microorganisms have positive effects on plant growth, soil fertility, and the overall health of the soil’s ecological environment [6].



The Qinghai Lake basin, which is a typical fragile ecosystem and an area sensitive to global change, represents a natural barrier that contributes to maintaining the ecological security of the northeastern part of the Tibetan Plateau and prevents the spread of western desertification to the east, and is acknowledged to be an area rich in gene diversity and biodiversity [7]. Alternating land-use patterns and grazing intensity in the Qinghai Lake basin have marked effects on soil nutrient content, resulting in varying degrees of soil degradation and, consequently, changes in the metabolic characteristics of the soil microbial community [8,9]. In recent years, studies on the population structure of rhizosphere soil microorganisms and their associated changes have accordingly become a particular focus of ecological research in this area.



Poa alpigena Lindm., with characteristics of cold and drought resistance, is an important dominant forage plant in the alpine meadows of the Qinghai Lake region, and has been widely used in livestock production and the restoration of degraded grassland in this region [10]. At present, research on Poa alpigena L. and Poa pratensis have tended to focus on individual traits, community diversity, adaptability, productivity, stress tolerance, and soil nutrients, mainly with respect to Poa pratensis [10,11,12,13]. However, there have been comparatively few studies that have sought to examine the soil microorganisms associated with P. alpigena in the Qinghai Lake basin. Nevertheless, studying the rhizosphere soil microbial community of Poa alpigena L. is of particular importance from the perspectives of alpine grassland conservation, desert management, and ecological restoration. Consequently, in this study, metagenomics combined with bioinformatics was used to analyze the differences in the structure, diversity, and metabolic pathways of rhizosphere and non-rhizosphere soil microbial communities of Poa alpigena L. on Bird Island in Qinghai Lake. The aim of this study was to establish a database of soil microbial resources for the grassland ecosystem of the Bird Island Nature Reserve, to provide a scientific basis for accelerating the restoration of ecological functions of degraded grassland, and promote the sustainable development of the Qinghai Lake area.




2. Materials and Methods


2.1. Study Area


Bird Island is located in the northwest sector of Qinghai Lake (36°57′–37°04′ N, 99°44′–99°54′ E). It comprises an area of lakeside wetland with an elevation of 3194–3226 m and has been established as the Bird Island National Nature Reserve. The terrain is high in the northwest and low in the southeast. The average annual temperature of the region is −0.7 °C, with maximum and minimum temperatures of 28 °C and −31 °C, respectively, and the average annual precipitation is 322.7 mm. The area lies within the semi-arid and alpine climatic zone of the plateau and the surface vegetation comprises predominantly Poa alpigena L., Stipa purpurea Griseb., Carex rigescens, Leymus secalinus, Polygonum sibiricum Laxm., Allium przewalskianum, and Astragalus adsurgens Pall.




2.2. Sample Treatment


The fenced and undisturbed Poa alpigena L. community in the National Positioning Observation and Research Station of the Qinghai Lake Wetland Ecosystem (Bird Island Station) was selected as the research object on Bird Island. Four parallel plots of 2 m × 2 m were randomly set in this community, and each plot was more than 20 m away from the nearest neighboring plot. Within each of these plots, five Poa alpigena L. plants of the same developmental status were selected according to an “S” type route. The rhizosphere soil of each plant was collected using the shake-off method, described by Riley and Barber [14,15], from each plot. The weakly adhering soil was gently shaken off and discarded. The soil remaining strongly adhered to roots (0–1 mm) was brushed off with a sterile soft brush and subsequently recorded as rhizosphere soil (NG). The non-rhizosphere soil was obtained from the 0–20 cm vertical surface within the projection range of plant rhizosphere (NC). Four rhizosphere and four non-rhizosphere soil samples were then individually placed in sterile bottles and marked as follows: NG1, NG2, NG3, and NG4 for the rhizosphere soil samples, and NC1, NC2, NC3, and NC4 for the non-rhizosphere soil samples. All samples were divided into two parts after removing roots, leaves, and stones. One part was immediately stored in liquid nitrogen, returned to the laboratory, and stored at −80 °C for DNA extraction and meta-genomics sequencing. The other part was brought back to the laboratory and used to measure water content, total nitrogen, total carbon, pH, and conductivity. During the sampling process, the samplers wore sterile masks and sterile gloves, excavated the whole plant with a sterile soil scooper (13 cm × 40 cm), and brushed the rhizosphere soil with a sterile soft brush. Having collected each sample, masks, gloves, and brushes were replaced, and the scooper was disinfected with 75% alcohol.



Soil water content was determined using a soil moisture meter (JK-100F) with an accuracy of 0.1%, total carbon (TC) was determined using a CE-440 elemental analyzer (EAI., Chicago, IL, USA), and total nitrogen (TN) was determined using the Kjeldahl method. Soil pH (1:2.5 soil/water suspension) and conductivity (1:5 for soil/water leaching solution) were determined using pHS-25 (precision of 0.05) and DDS-307 (precision of 0.01), respectively.



Soil DNA extraction and purification methods were referenced from Han et al. [16], using chloroform-isoamyl alcohol to extract crude DNA, isopropanol to re-precipitate DNA, and a QIAquick Gel Extraction Kit buffer to purify the DNA. The concentration of DNA in the samples was measured using a Qubit Fluorometer and the integrity of the DNA was determined using 1% agarose gel electrophoresis. After detecting the concentration and integrity of the DNA, DNA samples were sent to BGI to perform metagenomics high-throughput sequencing using the BGISEQ-500 sequencing platform. All DNAs in samples, including bacterial, archaeal, fungal, viral, and protozoan DNA, were interrupted into cDNA fragments (∼300 bp). Paired-end sequencing of cDNA fragments (∼300 bp) was conducted using the BGISEQ-500 sequencing platform by BGI-Shenzhen, China, to obtain the raw data.




2.3. Data Analysis


To obtain high-quality valid sequences, the raw sequencing data were processed using Trimmomatic software (v3.3) to remove linker sequences, etc., after which the experiments were performed using the original default parameters. The cleaned linker sequences were as follows:



PrefixPE/1: AAGTCGGAGGCCAAGCGGTCTTAGGAAGACAA;



PrefixPE/2: AAGTCGGATCGTAGCCATGTCGTTCTGTGAGCCAAGGAGTTG.



Metagenomics assembly was performed using Megahit software with default parameters and combining all sample sequences. The results of the metagenomics assembly were evaluated using Metaquast software to compare the assembly results with the reference sequence and to obtain information on the number of high-quality contigs, the longest contig, and N50 of the assembled sequences.



Sequences were compared and analyzed with constructed species composition databases (downloaded from NCBI databases including bacterial, archaebacterial, fungal, viral, protozoan genomes, and NT databases) using Kraken v2 software. The classification report of DNA sequences was performed by importing the Kraken data file to the supporting Pavian R package v1.2.0. Species annotations and determinations of relative abundances were performed using Bracken software in combination with taxonomic information obtained from NCBI, with data being classified at the phylum, class, order, family, genus, and species levels. Alpha diversity analysis was performed using Vegan software in the R package and beta diversity was analyzed based on principal coordinates analysis (PCoA) using R software. Indicator microorganisms and metabolic pathways were identified by a least discriminant analysis (LDA) effect size (LEfSe) analysis of raw intergroup microbial data and cumulative metabolic pathway data (KEGG analysis), respectively.



Statistical analysis of the data was performed using SPSS 21.0. Differences between rhizosphere and non-rhizosphere soil with respect to soil properties, microbial sequences, and α-diversity were detected by a t-test. Simple linear regression analysis with a t-test was used to assess the relationships between soil properties and α-diversity indexes.



The metagenomics sequencing data acquired in this study are available at the National Center for Biotechnology Information, USA, (https://www.ncbi.nlm.nih.gov/sra/PRJNA867494).





3. Results


3.1. Physicochemical Properties of Rhizosphere and Non-Rhizosphere Soils


The physicochemical properties of rhizosphere and non-rhizosphere soil of Poa alpigena L. on Bird Island were shown in Table 1. The water content and total nitrogen content of rhizosphere soil were significantly lower than those of non-rhizosphere soil (p < 0.05). Similarly, the pH of rhizosphere soil was lower than that of non-rhizosphere, but not significantly, and the differences in other physicochemical properties were small.




3.2. Microbial Composition of Poa alpigena L. Soils on Bird Island


The metagenomics sequencing results showed that for each sample, in excess of 10 GB of sequence data, the average number of sequences reaching more than 36 million pairs were obtained. These data indicated that a sufficient level of sequencing for microbiota in the soil samples of Poa alpigena L. was achieved and that the results showed little fluctuation. Moreover, approximately 54–58% of the detected sequences were not classified as existing sequences of known species (Table 2). The percentage of microbial sequences in non-rhizosphere soils was 35.97–37.47%, with bacteria accounting for 28.80%. The percentage of microbial sequences in rhizosphere soils was 36.90–41.07%, which was significantly higher than that in non-rhizosphere soils, with bacteria reaching 32.22%, slightly higher than that of non-rhizosphere soils. Fungal, viral, and protozoan accounted for 1.42%, 0.15%, and 0.17% of the total sequences in both rhizosphere and non-rhizosphere soils, respectively, with no significant difference.



The soil microbial composition showed high diversity in all soil samples. The microorganisms of the rhizosphere and non-rhizosphere soil samples belonged to 62 phyla, 112 classes, 245 orders, 518 families, 1610 genera, and 5704 species, the relative abundance of which were shown in Figure 1 and Figure S1 (Supplementary material).



At the phylum level, as shown in Figure 1a, Proteobacteria was the dominant phylum with the highest average relative abundance of 49.62% and 47.13% in rhizosphere and non-rhizosphere soils, respectively, followed by Actinobacteria, with an average relative abundance of 30.31% and 31.67%. Among the fungi, Ascomycota and Basidiomycota were the dominant phyla in rhizosphere and non-rhizosphere soils. The average relative abundance of Ascomycota was 3.15% and 3.37% in rhizosphere and non-rhizosphere soils, respectively. The average relative abundance of Basidiomycota was 0.98% and 1.06% in rhizosphere and non-rhizosphere soils.



At the genus level (Figure 1b), Streptomyces had the highest average relative abundance of 8.43% and 8.90% in rhizosphere and non-rhizosphere soils, respectively. This was followed by Sphingomonas, with an average relative abundance of 4.13% and 2.59%, and Pseudomonas, with an average relative abundance of 3.03% and 3.30%, respectively.



To further analyze microbial community structure in rhizosphere and non-rhizosphere soils, LEfSe analysis was performed, which showed only those differential microbes that met the linear discriminant analysis (LDA) significance threshold of >3.0 (Figure 2). Accordingly, a total of 21 differential microbes in rhizosphere (14) and non-rhizosphere soils (7) were identified. The differential microbes in rhizosphere soils mainly included Proteobacteria, Alphaproteobacteria, Sphingomonadales, Rhizobiales, Sphingomonadaceae, and Sphingomonas. The differential microbes in non-rhizosphere soils mainly included Betaproteobacteria, Gammaproteobacteria, Burkholderiales, Pseudomonadales, Burkholderiaceae, and Pseudomonadaceae. Among these, the largest contributors in rhizosphere and non-rhizosphere soils were Alphaproteobacteria and Betaproteobacteria, respectively, which could accordingly be used as indicator microorganisms for the two soil types.




3.3. Microbial Diversity of Poa alpigena L. Soils on Bird Island


3.3.1. Microbial α-Diversity


Analysis of microbial α-diversity revealed notable differences between the rhizosphere and non-rhizosphere soils of Poa alpigena L. on Bird Island. As shown in Table 3, values of the Richness index, Chao 1 index, and Shannon index (5702.00, 5703.18, and 7.78) of non-rhizosphere soil microorganisms were significantly higher than those of rhizosphere soil microorganisms (5654.75, 5655.98, and 7.73). The Simpson index value in non-rhizosphere soil (1.10 × 10−3) was significantly lower than that in rhizosphere soil microorganisms (1.15 × 10−3). These results indicated that the richness and diversity of non-rhizosphere soil microorganisms were significantly higher than those of rhizosphere soil microorganisms.



To further investigate whether soil microbial diversity was associated with soil physicochemical properties, a regression analysis was performed, for which soil physicochemical properties and microbial community diversity indexes were used as explanatory and response variables, respectively (Figure 3). Results showed the Chao, Shannon, and Richness indexes were significantly positively correlated with total nitrogen content, whereas the Simpson index was significantly negatively correlated with water content. Apart from these associations, no significant linear regression relationships between α-diversity indexes and other physicochemical properties were detected.




3.3.2. Microbial β-Diversity


To further clarify the differences in community species composition between the two types of soil, PCoA analysis was used to determine the similarity of microbial species composition in rhizosphere and non-rhizosphere soils. The results in Figure 4 showed that principal coordinates (PC) 1, 2, and 3 had an overall explanation of 99.6%, with PC1 contributing 90.6%, indicating that the differences in microorganisms between rhizosphere and non-rhizosphere soil were mainly associated with the first principal coordinates. The PCoA plot showed that samples from non-rhizosphere soils tend to be closely clustered, indicating relatively similar community composition, whereas rhizosphere soil samples showed a more scattered distribution, indicating a degree of variation. The rhizosphere group (NG) and non-rhizosphere group (NC) had a large difference in distribution distance, indicating that there were large differences in microbial community composition between the two types of soil of Poa alpigena L.





3.4. Differences in Metabolic Pathways between Rhizosphere and Non-Rhizosphere Soil Microorganisms


On the basis of LEfSe analysis of rhizosphere and non-rhizosphere microbial metabolic pathways, 51 pathways differing between the two type soils were identified (Figure 5), of which, 23 and 28 differential metabolic pathways were present in the rhizosphere and non-rhizosphere groups, respectively. Pathways associated with ATP-binding cassette (ABC) transporters, cationic antimicrobial peptide resistance, cell cycle-Caulobacter, fatty acid metabolism, glutathione metabolism, phenylpropanoid biosynthesis, RNA degradation, pantothenate and CoA biosynthesis, drug metabolism cytochrome P450, and metabolism ọf xenobiọtics by cytochrome P450 were significantly enriched in the rhizosphere group. Pathways associated with microbial metabolism, ribosome, pyruvate metabolism, biosynthesis of amino acids, methane metabolism, and degradation of aromatic compounds were significantly enriched in the non-rhizosphere group.




3.5. Correlation of Microorganisms of Poa alpigena L. Soils on Bird Island


To examine the interrelationships among different microorganisms, the correlation analysis of microorganisms at the genus level was carried out in this study (Figure 6). The red and blue connecting lines, respectively, indicated the facilitatory and inhibitory relationships between the two connected genera, and the thickness of the lines indicated the absolute value of the correlation coefficient. The more the genera were related, the larger the green circle was. As shown in Figure 6, Sphingobium, Corynebacterium, and Pseudomonas had the most related genera, whereas Nocardia, Methylobacterium, and Variovorax had the fewest related genera. There were mutual facilitatory relationships between Burkholderia and Paraburkholderia, Burkholderia and Cupriavidus, and Cupriavidus and Variovorax. There were mutual inhibitory relationships between Burkholderia and Sphingopyxis, Pseudomonas and Sphingomonas, and Pseudomonas and Sphingosinicella. The facilitatory and inhibitory relationships between the different microorganisms indicated that different microorganisms interacted closely with each other and jointly influenced the metabolic process in the soil. However, the mechanisms underlying these microbial interactions need to be further studied.





4. Discussion


Although the microbial composition of rhizosphere and non-rhizosphere soils was essentially the same, there were notable differences in the relative abundance of various microorganisms at different taxonomic levels. At the phylum level, in terms of relative abundance, the dominant phyla in both rhizosphere and non-rhizosphere soils were Proteobacteria and Actinobacteria, which were consistent with the findings for soil dominant microorganisms in other types of habitats, particularly alpine soils. The results indicated that most of the dominant groups in soils were bacteria; among which, Proteobacteria and Actinobacteria were predominant, reflecting their broader ecological width and superior environmental adaptability [17,18]. However, there were significant differences in the relative abundance and the dominant groups at the lower levels of classification. The relative abundance of Proteobacteria in rhizosphere soil was significantly higher than that in non-rhizosphere soil, which may be attributable to the lower pH of rhizosphere soil that would provide an environment more conducive to the growth of Proteobacteria [19,20]. In the fungi, Ascomycota and Basidiomycota were identified as the predominant phyla. These fungi play important roles as decomposers in soil, wherein they, respectively, degrade the complex organic matter and lignocellulose from plant residues [21,22]. The relative abundances of Ascomycota and Basidiomycota in the non-rhizosphere soil of Poa alpigena L. were significantly higher than those in the rhizosphere soil, which might be related to the presence of a large number of dead leaf litter of Poa alpigena L. in the non-rhizosphere zone that needs to be degraded.



Streptomyces are widely distributed in extreme environments, including soils with high salinity, and they can produce important antibiotics and become an important medicinal resource [23]. At the genus level, Streptomyces has the highest abundance in both rhizosphere and non-rhizosphere soil, but the relative abundance of Streptomyces in non-rhizosphere soil was significantly higher than that in rhizosphere soil, probably because the non-rhizosphere soil environment around Poa alpigena L. is alkaline and the pH is greater than rhizosphere soil, which provided a more suitable growth environment for these bacteria. This finding provided data support for the exploitation of Streptomyces resource bank.



Stamp-based analysis of rhizosphere and non-rhizosphere differential microorganisms showed that the relative abundance of Candidate division NC10 was significantly lower (p < 0.05) in the rhizosphere soil than that in the non-rhizosphere group (Figure S2). These bacteria are involved in nitrite-dependent anaerobic methane oxidation (N-DAMO), which is associated with simultaneous soil denitrification and methane removal processes, and can mitigate the greenhouse effect [24]. The total nitrogen content in the non-rhizosphere soil was significantly higher than that in the rhizosphere soil, providing an abundant source of nitrogen for promoting the growth and reproduction of Candidate division NC10, as well as enriching the microbial nitrogen metabolism and methane metabolism pathways. The results of soil microbial community structure composition indicated that the diversity of bacteria was significantly higher than that of fungi in the soil of Poa alpigena L. in the Bird Island ecosystem on Qinghai Lake, which is consistent with the results of rhizosphere microbial studies in other soil ecosystems [25].



Diversity analysis of soil microorganisms showed that the microbial richness and diversity in non-rhizosphere soil of Poa alpigena L. were significantly higher than those in rhizosphere soil. This lower diversity in rhizosphere soil was assumed to reflect the production of specific root secretions, which were highly selective for certain soil microflora and less conducive to the proliferation of others [6,26]. Soil physicochemical properties were influenced to varying extents by the combined effects of plant root secretions and microbial metabolism, and in turn, soil total nitrogen and water content were important factors determining the diversity of soil microbial communities [15,27]. In this study, soil water content and total nitrogen content were significantly different in the rhizosphere and non-rhizosphere soil, which could significantly affect microbial diversity and richness. Low water content in rhizosphere soils inhibited microbial growth and activity, and low nitrogen content could not adequately meet the requirements for microbial growth and development, thus leading to reduced microbial diversity in rhizosphere soils [15,27,28]. There were differences between rhizosphere and non-rhizosphere soil pH of Poa alpigena L., and this difference may be because Poa alpigena L. roots improved rhizosphere nutrients by lowering rhizosphere pH, which facilitated the effective utilization of soil nutrients by Poa alpigena L. in a fragile environment, thus affecting the difference in microbial community structure and diversity [29,30].



Differences in the soil environment can variously influence microbial metabolic activities, and soil microorganisms were constantly adjusting metabolic pathways to adapt to environmental changes [31]. The large differences in the enriched pathways of rhizosphere and non-rhizosphere soil microbial communities indicated that soil microorganisms of Poa alpigena L. have adapted their metabolic pathways to some extent to adapt to the environment of the rhizosphere and non-rhizosphere areas, respectively. Among the metabolic pathways significantly enriched in rhizosphere soil microorganisms, in addition to certain basic metabolic pathways associated with normal life activities, an enrichment of pathways involving an ABC transporter, drug metabolism cytochrome P450, and metabolism xenobiotics by cytochrome P450 was detected. ABC transporter proteins can assist bacteria in hydrolyzing ATP to take up various nutrients from the environment. Similarly, Xu et al. found that the activity of ABC transporter proteins and their metabolic pathways were enhanced in sorghum rhizosphere soil microorganisms under drought conditions [32]. The soils of Bird Island are typically sandy with poor water holding capacity, and the enrichment of the ABC transporter pathway in rhizosphere soil microorganisms indicated that plants required larger amounts of ABC transporter proteins to facilitate the uptake of nutrients from the soil [33,34].



Drug and xenobiotic metabolisms are among the metabolic pathways associated with cytochrome P450, a major component of phase I biotransformation enzymes in organisms that catalyze the degradation and conversion of exogenous and endogenous substances, thereby enhancing resistance to exogenous stresses [35]. Studies on CYP450 mainly focused on humans, plants, and animals, and this study found an enrichment of CYP450-related metabolic pathways in rhizosphere microorganisms, suggesting that microorganisms in Poa alpigena L. roots may be stressed by exogenous pollutants, and CYP450 gene-related expression of microorganisms also had potential to indicate environmental changes [35,36,37].



Metabolic pathways related to gene expressions, such as RNA polymerase, RNA transport, ribosome, and proteasome were found to be significantly enriched in non- rhizosphere soil microorganisms, which indicated that gene expression is stronger in microorganisms in non-rhizosphere soil environments. This enhanced enrichment indicated that microorganisms in a root-free environment respond directly to external environmental stresses, which entailed an increased metabolic rate to facilitate environment adaptation, thus the respiration-related pathways associated with ubiquinone and other terpenoid-quinone biosynthesis were also significantly enriched to increase resistance [38].



Pathways associated with methane metabolism and degradation of aromatic compounds were also significantly enriched in the non-rhizosphere soil microorganisms. In non-rhizosphere soils, the enrichment of the methane metabolism pathway was associated with a higher relative abundance of Candidate division NC10 involved in N-DAMO [39]. The enrichment of the pathway associated with the degradation of aromatic compounds indicated that microorganisms in this region have evolved the ability to use aromatic compounds as a potential source of carbon and energy. By degrading these compounds, these microbes not only obtain energy for survival but also contribute to eliminating potentially toxic aromatic compounds from the environment. The significant enrichment of this metabolic pathway provided evidence to indicate that there might be aromatic compound pollution in the soil environment and provided an early warning of soil ecological pollution in this region [40].



The microbial community structure is complex, so it is inevitable and reasonable for microorganisms to form a mutual facilitatory or inhibitory relationship, and this relationship is usually to compete for energy and materials, so as to determine species’ presence and relative abundance to a certain extent [41]. In this study, facilitatory interactions among Cupriavidus, Burkholderia and Variovorax were detected. Cupriavidus is highly resistant to heavy metals, whereas Burkholderia is one kind of microorganism beneficial for plant growth and adaptation to the environment, and Variovorax maintains directional root development by controlling plant auxin and ethylene levels. Thus, the mutual facilitatory relationships among Cupriavidus, Burkholderia, and Variovorax were beneficial to improving the root development and adaptability of Poa alpigena L. to environmental stress, and providing support for land restoration in the Qinghai Lake basin [42,43,44].




5. Conclusions


In this study, through the characterization of the soil microbial communities in the rhizosphere and non-rhizosphere soils of Poa alpigena grassland on Bird Island in the Qinghai Lake basin, the following conclusions were obtained.



(1) The dominant bacteria in the rhizosphere and non-rhizosphere soils of Poa alpigena L. on Bird Island were Proteobacteria and Actinobacteria, whereas the dominant fungi were Ascomycota and Basidiomycota. The rhizosphere of Poa alpigena L. was more selective for soil microflora, resulting in lower microbial richness and diversity in rhizosphere soil than those in non-rhizosphere soil. Different environmental factors, notably soil water content and total nitrogen, produced varying effects on soil microbial diversity. (2) The results of the KEGG pathway enrichment analysis indicated that rhizosphere microorganisms required more ABC transporters and cytochrome P450-related metabolism to obtain energy for growth and to cope with exogenous environmental stress. The significant enrichment of gene expression-related pathways in non-rhizosphere soil microorganisms, as well as pathways associated with methane metabolism and degradation of aromatic compounds, indicated that the soil microbial community associated with the Poa alpigena L. community played an important role in the oxidation of methane and regulation of the greenhouse effect in the Qinghai Lake basin. Pathway analysis also indicated that there may be some degree of risk of aromatic compound contamination in Poa alpigena L. soils on Bird Island, which can be analyzed in conjunction with soil contaminant detection. (3) Correlation analysis revealed multiple facilitatory and inhibitory relationships among the microbial community in Poa alpigena L. soil. However, the mechanisms underlying these microbial interactions are in need of further study. The results of this study can provide a scientific basis for the control of the greenhouse effect in the Qinghai Lake basin, promote the construction of a regional microbial resource bank, and contribute to the detection of soil pollution.
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Figure 1. (a) The relative abundances of microorganisms at the phylum level in rhizosphere (NG) and non-rhizosphere (NC) soil and (b) the relative abundances of microorganisms at the genus level in rhizosphere (NG) and non-rhizosphere (NC) soil. 
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Figure 2. (a) Classification level discriminant analysis (LDA) of soil microbial communities by LEfSe analysis and (b) a cladogram of soil microbial communities by LEfSe analysis. 
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Figure 3. A simple linear regression analysis between soil water content, total nitrogen, and α-diversity indexes. Note: * indicated the linear regression was significant (p < 0.05), indicators for which regressions were not significant were not shown. 
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Figure 4. Principal coordinates analysis (PCoA) of a microorganism community in rhizosphere and non-rhizosphere soil. 
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Figure 5. Classification level discriminant analysis (LDA) of the KEGG pathway by LEfSe analysis. 
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Figure 6. Ecological networks of soil microbial community in soil. Note: The size of the green circle indicated the number of related genera. The more the genera were related, the larger the circle was. The red and blue connecting lines, respectively, indicated the facilitatory and inhibitory relationship between the two connected genera, and the thickness of the lines indicated the absolute value of the correlation coefficient. 
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Table 1. The physicochemical properties of soil.
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	Soil Properties
	NC
	NG





	Water content (%)
	0.24 ± 0.02 a
	0.15 ± 0.01 b



	pH
	8.91 ± 0.17 a
	8.59 ± 0.30 a



	Electronic conductivity (ms cm−1)
	0.05 ± 0.01 a
	0.06 ± 0.02 a



	Total carbon (g kg−1)
	5.12 ± 0.40 a
	5.14 ± 0.45 a



	Total nitrogen (g kg−1)
	0.42 ± 0.05 a
	0.26 ± 0.03 b







Notes: Data are expressed as mean ± SD and the significance of different soils is marked with different letters (p < 0.05). NG is rhizosphere soil and NC is non-rhizosphere soil.
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Table 2. Microbial sequencing results of Poa alpigena L. soil on Bird Island in Qinghai Lake.






Table 2. Microbial sequencing results of Poa alpigena L. soil on Bird Island in Qinghai Lake.





	Project Name
	NC
	NG





	Number of clean reads (couple)
	36,702,067.5 ± 1074957.9 a
	36,367,431.5 ± 2157852.8 a



	Unclassified reads (%)
	57.13 ± 0.72 a
	54.72 ± 1.55 b



	Classified reads (%)
	42.88 ± 0.72 b
	45.28 ± 1.55 a



	Chordate reads (%)
	6.23 ± 0.06 a
	6.20 ± 0.27 a



	Microbial reads (%)
	36.50 ± 1.00 b
	38.94 ± 2.00 a



	Bacterial reads (%)
	28.80 ± 0.54 a
	31.22 ± 1.91 a



	Fungal reads (%)
	1.42 ± 0.04 a
	1.42 ± 0.06 a



	Viral reads (%)
	0.16 ± 0.00 a
	0.16 ± 0.00 a



	Protozoan reads (%)
	0.18 ± 0.00 a
	0.18 ± 0.01 a







Notes: The percentages in the table refer to the corresponding sequence as a percentage of the total sequence. Data are expressed as mean ± SD and the significance of different soils is marked with different letters (p < 0.05). NG is the rhizosphere group and NC is the non-rhizosphere group.
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Table 3. The α-diversity indexes of microorganisms in rhizosphere (NG) and non-rhizosphere (NC) soil.
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	Alpha Diversity Indexes
	NC
	NG





	Richness index
	5702.00 ± 2.31 a
	5654.75 ± 31.73 b



	Chao 1 index
	5703.18 ± 2.28 a
	5655.98 ± 31.69 b



	Shannon index
	7.78 ± 0.01 a
	7.73 ± 0.01 b



	Simpson index
	1.10 × 10−3 ± 2.52 × 10−5 b
	1.15 × 10−3 ± 2.58 × 10−5 a







Note: Data are expressed as mean ± SD and the significance of different soils is marked with different letters (p < 0.05). NG is rhizosphere soil and NC is non-rhizosphere soil.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a) mm NC == NG

-4 -3
(b) mm NC == NG
o

2

o

g

g

o

Q

QI

c_Alphaproteobacteria
p_Proteobacteria
_Sphingomonadales
phingomonadaceae
g_Sphingomonas
o_Rhizobiales
g_Sphingopyxis
p_Bacteroidetes
g_Sphingosinicella
f Caulobacteraceae
o_Caulobacterales
f_Rhizobiaceae
g_Sphingobium
"_Erythrobacteraceae
p_Firmicutes
o_Pseudomonada
f_Pseudomonadac
f_Burkholderiaced
c¢_Gammaproteobacteria
o_Burkholderiales|

=
chO

-

c_Betaproteobacteria
-2 -1 0 1
LDA SCORE (log 10)
S
cute
0. Firm P
9,
&
ey
O,O,e
(@s

W
\ )L
\"l IHII

,‘

3

Yy
“"63?1
WY

J

_'\\a.“l‘\l I/
)

-y

< Nt
// A "&\\\\\ .

4] 7 T\

N

a: f_Caulobacteraceae
b: o_Caulobacterales
c: f_Rhizobiaceae

d: o_Rhizobiales

Bl n: ¢ Gammaproteobacteria





nav.xhtml


  water-15-00239


  
    		
      water-15-00239
    


  




  





media/file2.png
(a

o

Relative abundance (%)

(b)

Relative abundance (%)

100

80

60

40

20

100

Q0
=

a)
o

Jou
=

20

NC

NC1

NC2

NC3

Soil sample

NC4 NG1
Soil sample

NG2

NG3

m Proteobacteria
m Actincbacteria
m Planctomycetes
m Ascomycota
m Bacteroidetes
®m Firmicutes
m Basidiomycota
W Euryarchaeota
m Cyanobacteria
m Acidobacteria
m Others

1 NC2 NC3 NC4 NG1 NG2 NG3 NG4

NG4

m Streptomyces

B Sphingomonas
m Pseudomonas

m Bradyrhizobium
m Burkholderia

m Nocardioides

m Mesorhizobium
m Micromonospora
m Mycobacterium
m Methylobacternum
m Others





media/file5.jpg
Chao

Richness.

740

(@) y=279.71x+5584.9 R=C T8 ((6)  y=0.3423¢+7.6392 RI=0.747"
E 50
a0 s
P e
P e
sai0 n
s+ o
5600 768 °
Bn om ok ok ol om ok om om ok 0w ol ok ok
T o e s -aeer OB ) oo 6
£ aoorte .
£ aootte s
so o *
5660 #000112 . N
o0 aoorto
s620| o 000108 N "
Ra om 0w om om om o "

oot nirogen (g kg ™)

612 01 016 018 02 022 020 03 02

Woter ontont (%)





media/file3.jpg
(a) mmNC == NG

() m=NC =G

o zstiler

= Sngomonsdacese






media/file1.jpg
@

®

Rolative abundance (%)

100

100

&

2

8

Sail sample

NI NG NG NGs NG NG NG NGH
‘Soil sample:

= Pretocbactera
mctincoactens
= Planciomycetes
ascomyeots
Bocorcidoles
= Basdomcote
nEuyachsscts
= Cyanobacters
pr—

otrers

stmptomyces
Sphingomonas
Py m—

= Erodyhizobium
Burktocaria

= Nocardoides
«Masomizabiurs
hicomonospra
= Mycobactrium
 othyotacterum

wtmars





media/file7.jpg
PC2 (8.4%)

PC3 (0.6%)

0.005

0.000

~0.005.

0010

0015

0003
0002
0001
0000
0001

0002

I
[ I L
o o° i
,,,,, R
I
I
o
I
S e & & >
&S S &
3 (0.6%
————————————— = NC
- = NG

~0.02-0.010,00 0.01 002 003 0.04 0.05
PCL(90.6%)





media/file10.png
mmNC =mNG

ABC transporters NG
Cationic|anti microbia peptide |GG
Cell cycle caulobacter NG
Flagellar assembly NG
Fatty acid metabolism NG
Glutathione metabolism NG

RNA degradation
Pantothenate and CoA biosynthesis |G

Monobactam biosynthesis |GGG
Aminoacyl-tRNA biosynthesis [ IINININIINNNE
Fatty acid biosynthesis | INNEIGNGNGbDEE
Drug metabolism cytochrome P450 NG

Chemical carcinogenesis NG
Non-ribosomal peptide |G

Vitamin B6 metabolism NG

Biotin metabolism NG

Ascorbate and aldarate metabolism NG
Carotenoid biosynthesis

| Xylene degradation

| ——

]

.

|

[ —]

[—

Phenylpropanoid biosynthesis [ [

1

I

Cyanoamino acid metabolism N N
.

I
Metabolism of xenobiotics by cytochrome P450 NG D
Cytokine-cytokine receptor interaction I B B

——
Nitrotoluene degradation '
Influenza A
Proteasome
Protein digestion and absorption
| Herpes simplex virus|1

Protein processing in

Sulfur relay system

Ribosome biogenesis

Longevity regulating

Nitrogen metabolism

Arginine biosynthesis

Epstein Barrvirus infe

RNA polymerase

Ubiquinone and other

RNA transport

Meiosis yeast

2-Oxocarboxylic acid

Carbon metabolism

Methane metabolism

Biosynthesis of amin

Pyruvate metabolism

Ribosome

endoplasmic reticulum

} in eucaryoutes
pathway multiple species

Phenylalanine metabolism

xction

te rpenoid quinone biosynthesis

metabolism

Carbon fixation pathways in prokaryotes
Glyoxylate and dicarboxylate metabplism
Degradation of aromatic compounds

pacids

0

LDA SCORE(log10)

Microbial metabolism in diverse environme{nts

1 2






media/file12.png





media/file9.jpg
==NC =smNG

ARG tanorer ———
Catontc it et s —

AminoscyRUA biosynites!: B —
Pty i oyt ——
D sl cytochome P50 B —
bl of senootics by oo P50 T —
o cpaine o rorcion B —
i carcinaoenes ——

Non-dbosomal e E— —

Vol Bt —
Bloin mtabl s E——

scomate and s sl ——
Cutoanld onyines EE——

Maotsne eareston

Sinsdepradiion

e i
| s
.1 517

ol
————— o et enos s o
[ i
oty amton

S 11, 13190 D25 I Kyl

LDA SCORE(log10)





media/file0.png





media/file8.png
PC2 (8.4%)

PC3 (0.6%)

0.005

0.000

—0.005

—0.010

—0.015

0.003

0.002

0.001

0.000

—0.001

—0.002

| I
() - | 0 | o
i @ - @ |
L o (oO© |
O o [ - - - - - 0 7 o
| |
- | - |
I O | I
- | - |
o |D : - | | Ih | | |
Qv > S Qv S
] : O D
o I PC3 (0.6%)
- |
|
i |
I o
° | = NC
i |
Qo O 1 NG
|

—0.02-0.01 0.00 0.01 0.02 0.03 0.04 0.05
PC1 (90.6%)





media/file11.jpg
‘Sphingobium





media/file6.png
Chao

Richness

5740

5720

5700

5680

5660

5640

5620

T

5600

(a)

y=279.71x+5584.9 R?=0.667*

0.20

5740 r

5720

5700

5680

5660

5640

5620 |

0.25

y=280.18x+5583.6 R?=0.667*

0.30 0.35 0.40
Total nitrogen (g kg_1)

0.45

0.50

5600
0

0.25

0.30 0.35 0.40
Total nitrogen (g kg_1)

0.45

0.50

7.82

7.80

7.78

7.76

Shannon

7.74

7.72

7.70

(b)

y=0.3423x+7.6392 R?=0.747*

7.68
0.20
0.00120
0.00118

0.00116

0.00110

0.00108

0.25 0.30 0.35 0.40 0.45 0.50
Total nitrogen (g kg'1)

(d) y=-0.0006x+0.0012 R?=0.617*

106 - : : ' ' '
012 014 016 0.18 020 022 024 026

0.28
Water content (%)





