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Potentilla fruticosa is a typical shrub of alpine meadows with canopy effects that can greatly influence soil fertility and microbiological parameters. Changes in rhizosphere microorganisms can reflect the response of these plants to environmental changes. This study aimed to examine the rhizosphere and non-rhizosphere of P. fruticosa on the amount of selected microorganisms and main environmental factors at different elevation gradients (3,000, 3,250, 3,500, 3,750, and 4,000 m). The results suggested that bacteria were predominant of the microbial soil community in the rhizosphere and non-rhizosphere, while fungi and actinomycetes represented the minority. With the increase of altitude, the total amount of microbial, bacteria, and actinomycetes in the rhizosphere and non-rhizosphere of P. fruticosa showed a downward trend, and microbial functional groups showed that the “hump shape” changed, but the fungi showed the opposite. Variance inflation factor (VIF) screening environmental factors and path analysis were obtained. In the rhizosphere soil, bacteria were affected by Soil organic carbon (SOC), and soil bulk density (SBD) became the main environmental limiting factor with the increase of altitude. The main environmental limiting factor of actinomycetes changed from SBD to Soil total (ST). In the non-rhizosphere soil, the bacteria and actinomycetes changed from ST to SOC and SBD, respectively. The main environmental limiting factor of the fungi was SOC in the rhizosphere and non-rhizosphere. Soil water content (SWC) was the main environmental determinant factor for all microbial groups, microbial functional groups were related to Soil total nitrogen (STN). Our results help to understand the relationship between nutrient cycling and the ecosystem function of alpine meadow plant soil microorganisms and provide theoretical support for alpine meadow ecosystem restoration, biodiversity protection, and the use of microbial resources.
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INTRODUCTION

The rhizosphere is the narrow zone of soil surrounding the root that is under the immediate influence of the root system (1). This zone is rich in nutrients when compared with the bulk soil, due to the accumulation of a variety of organic compounds released from roots by exudation, secretion, and deposition (2). The area surrounding growing plant roots in soil (the rhizosphere) represents a critical hotspot for biogeochemical transformation that underlies the process of soil formation, carbon cycling, and the ultimate productivity of the earth's terrestrial ecosystems (3). Rhizosphere microorganisms play an important role in plant growth, diversity change, and ecosystem function represent the health status of plant growth (4). As a potential nurse plant, Potentilla fruticosa plays an important role in the natural growth of other species below the canopy (5, 6). Xu et al. (7) have shown that the graminoid functional group was the most intensely and significantly affected by the rhizosphere effect of the foundation shrub P. fruticosa. At the same time, the growth of rhizosphere microorganisms was also affected by the P. fruticosa, which kept the rhizosphere microbial activity at a high level (8). For example, Eisenhauer et al. (9) found that plant diversity will increase the biomass and activity of soil microorganisms, thus affecting the soil carbon and nitrogen cycle, which in turn has a feedback effect on plant communities. Butterfield et al. (10) found that conservation plants play an important role in maintaining biodiversity in harsh environments. Ballantyne and Pickering (11) also found in Australia that the Epacris gunnii (nurse plant) can change the composition of plant communities, improve soil fertility, and promote soil quality.

Many of the current insights into interactions and processes in the rhizosphere have emerged from studies on agricultural or horticultural crop plants and model species such as Arabidopsis thaliana and Medicago truncatula (12). However, considerable progress is also being made in understanding the microbial ecology of the rhizosphere of non-cultivated plant species in natural ecosystems (13): temperature and moisture (14, 15), metal stress (16, 17), soil management (18), phosphorus enrichment, and nitrogen availability (19, 20). To better understand the players and processes that operate in the rhizosphere, a variety of molecular techniques, such as metagenomics and stable-isotope probing, have been applied over the past decade (21–24). Nevertheless, traditional methods of microbial culture still have some availability today. França et al. (25) found that the effect of altitude and season on abundance and diversity of the culturable heterotrophic bacterial and yeast community was examined at four forest sites. Francesco et al. (18) found that soil culturable microorganisms were affected by different soil managements in a 2 year wheat-faba bean rotation. Soil nutrient contents significantly influenced the abundance and diversity of culturable bacteria, but not of culturable yeasts.

As the third pole of the world, the Qinghai-Tibet Plateau has formed unique habitats, and its complex and diverse ecological system make soil microorganism species diverse. The difference in altitude will change the temperature, humidity, and other environmental factors, resulting in the change of soil environment and thus affect the ecological processes of rhizosphere microorganisms (26). This provides a unique opportunity to investigate the change of rhizosphere and non-rhizosphere microorganisms in P. fruticosa on different altitude gradients. The relationship between microbial communities and plants can be better understood by studying the changes of rhizosphere and non-rhizosphere microorganisms in the altitude gradient. Here, we focus on the alpine community from the Qinghai-Tibet plateau, rhizosphere, and non-rhizosphere microorganism changes of P. fruticosa are affected by many factors. This study aimed to: (1) examine the effects of elevation in the rhizosphere and non-rhizosphere microorganisms of Potentilla fruticose; (2) identify major environmental factors affecting rhizosphere and non-rhizosphere microorganisms at different altitudes.



MATERIALS AND METHODS


Study Area

This study was carried out at the Research Station of the Alpine Meadow Ecosystem of Lanzhou University, located in Maqu county, Gansu, in the eastern part of the Qinghai-Tibetan plateau, China (N33°40', E101°52'). The region has mean annual precipitation of 650 mm, and altitudes range from 2,985 to 4,021 m, the mean annual temperature is 1.2°C, the average temperature in January is −10.7°C, the average temperature in July is 11.7°C, the annual accumulated temperature of ≥0°C is 1,732°C, the average annual frost period is not <270 days. The surface runoff is 200–350 mm deep, and the annual evaporation is 1,222 mm. The soils in this area are sub-alpine meadow soil. The plot of the study area is shown in Figure 1.
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FIGURE 1. Plot of the study area.




Experimental Design and Soil Sampling

Between July and September 2019, all the selected fields seem to have the same environmental (northern slope) and historical conditions and no grazing system. Nine quadrats of 1 × 1 m were randomly placed in each plot along an elevation gradient of 3,000, 3,250, 350, 3,750, and 4,000 m on three hills (Figure 1). A total of 135 quadrats were investigated. The traditional shaking off method was used for rhizosphere soil sampling (27, 28). In the selected quadrat, select the well-growing P. fruticosa, dig the complete root system of P. fruticosa without damaging the root system, gently shake off the large soil on the root system, and then gently brush off the soil attached to the root surface with a brush, and remove the visible roots in the soil sample, which is the rhizosphere soil of the P. fruticosa population. For non-rhizosphere soil, take soil samples within 0–15 cm vertically from the ground outside the rhizosphere projection range of P. fruticosa. A total of 270 rhizosphere/non rhizosphere soil samples were collected. Part of the sample was stored at 4°C and used for microbial analysis. The other sample was air-dried for analyzing soil physical and chemical properties. The basic situation of the study area is shown in Table 1.


Table 1. Overview of the study area.
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Microbial Population Count

The microbial populations (bacteria, fungi, and actinomycetes) were determined by suspending 10 g of each soil sample in 90 ml of sterile phosphate buffer (0.1 M, pH 6.8) and shaking vigorously at 270 rpm for 1 h. Then, 100 μl from several 10-fold serial dilutions (10−1-10−6) of each sample were spread onto plates. Seeded plates were incubated in the dark, at 28 and 37°C, and colonies of total culturable fungi and total culturable bacteria were counted after 4–5 and 2–3 days incubation, respectively. Colonies of total culturable actinomycetes were counted after 5–7 days incubation and expressed as log (CFU + 1)/g of dry soil (CFU = Colony Forming Unit). We added 1 to each CFU number to avoid negative log values. Azotobacter used Ashby's medium, ammonifier used beef extract peptone AGAR medium, nitrifier used Stephenson medium. The amount of soil microbial functional groups was determined by the MPN method.



Determination of Soil Properties

Soil samples were air-dried and then passed through a 0.15-mm sieve prior to analysis (with three replicates for each soil core). Soil water content (SWC) was measured by oven drying the samples at 105°C. Soil pH was determined using 2.5:1 water to air-dried soil ratio and a standard pH meter. Soil total nitrogen (STN) was determined in air-dried homogenized 0.5 g soil samples digested with sulfuric acid and a K2SO4:CuSO4:Se catalyst and analyzed using a SmartChem 200 discrete chemistry analyzer (29). Soil total phosphorus (STP) was determined by the H2SO4-HClO4 fusion method (30). Soil organic carbon (SOC) was determined via a potassium dichromate oxidation method (31). We measured concentrations of available nitrogen (SAN) and available phosphorus (SAP) with a SmartChem Discrete Auto Analyser. Urease (URE) was determined by the phenol-sodium hypochlorite colorimetric method, and catalase (CAT) was determined by the potassium permanganate titration method (32).



Statistical Analysis

Data processing and path analyses were performed with SPSS version 20.0 statistical software (SPSS, Chicago, USA), giving the direct path coefficients and the indirect path coefficient of each factor. Then the coefficients of determination were calculated using correlation coefficients and direct path coefficients (33, 34). Using the method of the least significant difference (LSD) to examine the differences between mean values at a value of p < 0.05. Using vegan package vif.cca function (VIF, variance inflation factor) to screen environmental factors by R software (version 2.15.3) and graphing with Graphpad Prism software (version 7.02).




RESULTS


Microbial Amount of Rhizosphere and Non-rhizosphere Soil

Table 2 showed that the bacteria were predominant in the microbial soil community, while the fungi and actinomycetes represented the minority. With the increase of altitude, the total amount of microbial, bacteria, and actinomycetes in the rhizosphere and non-rhizosphere soil showed a downward trend. The fungi showed fluctuating increases and the amount was least at 3,250 m. The total microbial functional groups, azotobacter, ammonifier, and nitrifier showed “hump-shape” in the rhizosphere and non-rhizosphere soil. The bacteria and fungi in the rhizosphere were higher than that of the non-rhizosphere, but the actinomycetes were the opposite. The azotobacter, ammonifier, and nitrifier in the rhizosphere were higher than that of the non-rhizosphere at every elevation gradient.


Table 2. Microbial and functional group amounts at different altitude gradients.
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Rhizosphere and Non-rhizosphere Soil Physical and Chemical Factors

Figure 2 showed that with the increase of altitude, SOC, SAP, soil bulk density (SBD), and pH in rhizosphere soil showed an upward trend, ST, SC, and STP showed a downward trend, while SWC, SAN, URE, STN, and CAT showed a “hump-shape” change. Soil organic carbon, STP, and pH in non-rhizosphere soil showed an upward trend, SBD, SC, and ST showed a downward trend, while SWC, STN, SAP, CAT, and URE showed “hump-shape” change. Soil nutrient content and SWC in rhizosphere soil were higher than that of non-rhizosphere, and SC, URE, pH were the opposite. Except for 3,000 and 3,500 m, the SBD in the rhizosphere soil was higher than that of non-rhizosphere, SC and CAT in the rhizosphere was higher than that of the non-rhizosphere at 3,000 and 3,750 m, respectively, ST had no significance between the rhizosphere and non-rhizosphere.


[image: Figure 2]
FIGURE 2. Changes of rhizosphere and non-rhizosphere soil environmental factors at different altitude gradients.




Variance Inflation Between Soil Microorganisms and Environmental Factors

The VIF test can be used to calculate the VIF-value of each environmental factor, and use this as the basis for judgment. In this paper, when the VIF-value is between 2.5 and 10, it can be regarded as a useless environmental factor, to achieve the purpose of screening environmental factors. After selection, the SWC, SBD, SOC, and ST for the microorganisms in the rhizosphere soil of P. fruticose, the SWC, STN, ST, and URE for the microorganisms in the non-rhizosphere soil of P. fruticosa (Figure 3).


[image: Figure 3]
FIGURE 3. Variance inflation of soil microorganisms and environmental factors in the rhizosphere and non-rhizosphere soil.




Path Analysis Between Soil Microorganisms and Environmental Factors

Path analysis is shown in Figure 4. In the rhizosphere soil of P. fruticosa, the bacteria are mainly affected by SOC. With the increase of altitude, SBD has gradually become the main environmental limiting factor. The actinomycetes changed from SBD to ST. In the non-rhizosphere soil of P. fruticosa, the bacteria and actinomycetes changed from ST to SOC and SBD, respectively. The main environmental limiting factor of the fungi was SOC in the rhizosphere and non-rhizosphere. The three microbial functional groups were similar, STN is the main environmental limiting factor in the rhizosphere and non-rhizosphere with altitude increase. Soil water content is the main environmental determining factor, which has no significant change with the increase of altitude.


[image: Figure 4]
FIGURE 4. Heat map of the decision coefficient of microorganisms and environmental factors in the rhizosphere and non-rhizosphere soil at different altitudes.





DISCUSSION

Rhizosphere microorganisms can directly and/or indirectly affect the composition and biomass of plant communities in natural ecosystems (35, 36). Numerous organisms contribute to these processes, leading to countless interactions between plants, antagonists, and mutualistic symbionts, both below ground and above ground (37–39). There are some very important groups in soil microorganisms, such as Trichoderma, which belongs to antagonistic fungi (40). Bacillus and Pseudomonas are bacteria with plant growth promoting activity. Rhizobia and slow growing rhizobia can establish a symbiotic relationship with legumes, while nitrogen fixing bacteria show asymmetric nitrogen fixation characteristics (41). Cultivation-based methods might also be more sensitive to retrieve changes of the physiologic and metabolic state of the community due to environmental fluctuations since the culturable fraction of the community might react more rapidly to changes in biotic and abiotic factors than genomic surveys that mainly target DNA fragments derived from viable and non-viable organisms (42). The data obtained in our study demonstrate a lower amount of fungi in the rhizosphere and non-rhizosphere of the P. fruticosa at 3,250 m. The possible reason is that the slope (31°) at this altitude is large, resulting in serious soil erosion, so the number of fungi is small (43). The actinomycetes are related to the demand and adaptability for water, pH, heat, and nutrients, different altitude leads to changes in the regional environment, this is also consistent with Huang's studies (44). Previous studies have shown that SWC in the rhizosphere of P. fruticosa is higher than that in the non rhizosphere (7, 45), higher SWC limits the growth of actinomycetes, which also explains that the number of actinomycetes in rhizosphere soil is lower than that in non-rhizosphere soil.

Due to the canopy effect of P. fruticosa, the soil moisture is kept high, which is conducive to the growth of bacteria and fungi (46). Water and temperature can influence the growth of plants, which in turn can affect microbes, so the amount of three microbial functional groups showed largest at 3,500 m in rhizosphere and non-rhizosphere. With the increase of altitude, the rhizosphere of P. fruticosa had more significant advantages in cold resistance than non-rhizosphere, and rhizosphere microorganisms, which can still maintain great survival abilities at high altitudes. Therefore, the growth of microbial functional groups in the rhizosphere soil of P. fruticosa was better than that of the non-rhizosphere. In addition, nitrifiers are autotrophic aerobic bacteria, low oxygen content in the non-rhizosphere soil of P. fruticosa is not conducive to the growth of nitrifiers (47, 48). We inferred that the amount of nitrifier was also related to the growth of P. fruticosa. Rhizosphere soil physical and chemical properties (especially soil nutrient content) are an important method of judging plant growth and microbial reproduction. Therefore, explaining the soil physicochemical mechanism in the regulating processes and dynamics of plants and microbial communities in more detail is crucial for understanding the responses of different plants to environmental change (49, 50). Microbial functional groups play an essential role, which can convert N2 to [image: image] in the process of plant growth. Potentilla fruticosa has a well-developed root system and it can absorb water from deeper places and promote the growth of other plants (51). At the altitude of 3,500 m, the plant biomass and abundance in the study area are highest (Table 1). This also explains why the amount of microbial functional groups and SWC are the highest. The nutrient content in the rhizosphere soil (SOC, STN, STP, SAN, SAP) of P. fruticosa was higher than that of non-rhizosphere, and the difference of soil nutrients becomes more significant with the increase of altitude. We inferred that the “fertile island effects” in the rhizosphere of P. fruticosa make the soil nutrients concentrated in the root, the amount of soil microorganisms in the rhizosphere is also large. As the elevation increases, the decrease of environmental temperature is not conducive to the growth of soil microorganisms. So there was little difference in the amount of rhizosphere and non-rhizosphere microorganisms among different plants (52). In addition, Li et al. (53) found that Graminoids can reduce the content of SOC. In this study area, Koeleria cristata is the dominant species and it is widely distributed outside the rhizosphere of P. fruticosa, which is the reason for the big difference of SOC between the rhizosphere and non-rhizosphere (53).

As plants and soil microbes are tightly linked by nutrient cycling (54), changes in soil physicochemical properties in response to altitude increase may thus affect the composition and functioning of microbial communities (55). Therefore, elucidating the soil physicochemical mechanism in regulating processes and the dynamics of plant and microbial communities in more detail is crucial for understanding the responses of ecosystem function to altitude increase. In this paper, the main environmental limiting factor for most microbial groups is ST. However, with the change of altitude, the environmental factors affecting microbial growth also change. In the rhizosphere soil, SBD was the main environmental factor limiting the growth of bacteria and actinomycetes in 3,500 m. When the altitude was above 3,500 m, SBD was the main environmental limiting factor for bacteria, when the altitude was below 3,500 m, SBD was the main environmental limiting factor for actinomycetes. This is because, under the influence of the canopy effect and rhizosphere effect of the P. fruticosa (6), ST had little influence on rhizosphere microorganism, soil nutrient content is the main factor limiting bacteria growth. Meanwhile, non-rhizosphere soil is not conducive to the accumulation of organic matter, and the small soil porosity leads to the slow growth of actinomycetes (56). When the altitude reached 3,750 and 4,000 m, the ST is low and the terrible environment leads to the slow growth of actinomycetes, so the ST becomes the main environmental limiting factor. The main environmental limiting factor affecting fungi did not change between the rhizosphere and non-rhizosphere, we speculate that fungi are related to the litter on the surface of the soil, and that a lot of litter makes the content of organic matter rich, which provides good nutritional conditions (54). Soil water content is of great significance to the growth of soil microorganisms and promotes the diversity of the microbial community (57). In this paper, the SWC in the study area is high, so it is the main determining factor for all microbial groups. In the functional groups of microorganisms, azotobacter convert N2 to [image: image] for plants to synthesize organic nitrogen and supplement nitrogen in grassland soil, ammonifier nitrate [image: image] to [image: image], nitrifier convert [image: image] to N2 to complete the nitrogen cycle (58). All of these are related to soil nitrogen content, meaning STN is also a major factor affecting microbial functional groups.



CONCLUSION

Bacteria were predominant in the microbial soil community, while fungi and actinomycetes represented the minority. As the elevation increases, bacteria and actinomycetes decreased in the rhizosphere and non-rhizosphere soil of P. fruticose. Microbial functional groups showed “hump-shape” change, the fungi showed “V-shaped” change. In the rhizosphere soil, bacteria were affected by SOC (3,000 and 3,250 m), and SBD became the main environmental limiting factor (3,500, 3,750, and 4,000 m). The main environmental limiting factor of actinomycetes changed from SBD to ST at 3,750 m. In the non-rhizosphere soil, the bacteria and actinomycetes changed from ST to SOC at 3,500 m and SBD at 3,250 m, respectively. Soil organic carbon was the main environmental limiting factor for fungi. Soil water content is the main determining factor for all microbial groups, microbial functional groups were related to STN.
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