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Abstract

:

Coffee is one of the most valuable agricultural commodities worldwide, second only to oil in terms of international trade. Coffea arabica L. is a widely cultivated and economically important crop that is responsible for about 90% of the global production of coffee. In this study, we selected five C. arabica cultivation sites at different altitudes to clarify the effects of altitude on rhizospheric soil physical–chemical characteristics and microbial communities. The samples collected at low altitudes were more nutrient-deficient and acidic than the soil samples collected at medium–high altitudes. The Proteobacteria-to-Acidobacteria ratio increased from lower altitudes to medium–high altitudes. Additionally, although Ascomycota was the dominant fungal phylum, it was unaffected by the altitude. Furthermore, the alpha richness and diversity of the bacterial and fungal communities were higher at medium–high altitudes than at low altitudes. Moreover, the redundancy analysis indicated that microbial phyla were closely associated with pH. These findings suggest that C. arabica should be cultivated at medium–high altitudes, which is conducive to sustainable management and the production of high-quality C. arabica beans.
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1. Introduction


Coffee, which is an evergreen tree species belonging to the genus Coffea in the family Rubiaceae, is native to north-central Africa, yet is now cultivated in 76 countries and regions worldwide to produce one of the three most consumed beverages [1]. Coffea arabica is the main cultivated coffee species, accounting for about 80% of the total coffee-producing area [2]. Coffee-growing provinces in China include Yunnan, Hainan, Guangdong, Guangxi, and Sichuan, of which Yunnan is the primary producer and exporter (i.e., its planting area and output represent 99% of the total area and output) [3]. The large-scale cultivation of coffee in Yunnan province occurs in subtropical hilly areas (600–1200 m elevation) with temperatures of 19–22 °C and soils with a medium texture and a relatively high-water holding capacity [3]. Four cities (Pu’er, Baoshan, Dehong, and Lincang) account for more than 80% of the coffee-growing area in Yunnan province [3].



Genetic factors, environmental conditions, and their interactive effects on coffee plants greatly influence the quality and intrinsic characteristics of coffee beans [4]. Specifically, altitude has an important effect on the quality of C. arabica beans, and its influence on flavor is greater than that of genetic factors [1,5,6,7,8]. For example, cultivating coffee plants at high altitudes frequently results in the production of coffee with increased acidity and more desirable aroma characteristics [9,10], while also affecting the coffee bean size as well as the caffeine, trigonelline, acid, and fat contents [11]. Most cultivated C. arabica plants are distributed in the tropical plateau or mountainous regions at high altitudes [12]. The temperatures near the equator are high, although C. arabica plants can be grown at an altitude of about 2000 m (above sea level) [12]. The areas suitable for C. arabica cultivation in Yunnan province are characterized by high latitudes and cool conditions [13]. The cultivation of C. arabica is most productive at altitudes between 600 and 1200 m [14], however, this upper limit has recently increased to approximately 1400 m. Thus, nearly 670 ha of C. arabica plants have been cultivated at 1200–1400 m, leading to the rapid development of C. arabica seed production in Yunnan province [15].



The rhizosphere refers to the zone of influence of the roots [16]. Rhizosphere microorganisms provide a vital link between plants and soil environments [17]. They affect coffee ecosystems via their contributions to decomposition and nutrient cycling, which in turn significantly influences the microbial conversion of complex organic compounds into simple inorganic compounds [18,19], thereby increasing productivity [18,20,21]. The effect of altitude on rhizosphere microbial diversity has been extensively documented. Some studies revealed that rhizosphere microbial diversity is not significantly affected by changes in elevation, whereas other studies indicated that the diversity of rhizosphere microbiota is modulated by altitude [14,22,23,24]. Pandey et al. [17] reported that the microbial community diversity apparently decreases as the altitude increases. However, changes in the C. arabica rhizosphere microbiota depend on multiple factors, including several environmental factors (e.g., altitude), but the precise effects of altitude on microorganisms have not been comprehensively determined [25].



Second-generation sequencing platforms are gradually applied to resolve soil microbial communities in different altitudes. Prior research involving second-generation sequencing technology indicated that altitudinal variations could alter the rhizosphere soil bacteria [4,12,17,25,26,27,28]. Similarly, Illumina HiSeq-based analyses confirmed that the rhizosphere soil fungi are significantly modified with the variations of altitude [4,12,17,25,26,27,28].



Thus, clarifying the effects of different altitudes on C. arabica rhizospheric soil physical–chemical characteristics and soil microbiota is critical for optimizing the cultivation of high-quality C. arabica plants. In this study, the diversity and composition of the C. arabica rhizospheric microorganism at different altitudes were examined. The NovaSeq PE250 platform was applied to examine the 16S rRNA and internal transcribed spacer (ITS) to characterize the diversity of microbial communities. Furthermore, the physicochemical properties of rhizospheric soil were also determined. This research provided basic knowledge regarding the influences of different altitudes on C. arabica rhizospheric soil chemical properties and soil microbiota. The study findings may serve as the theoretical basis for improving the sustainable management and production of high-quality C. arabica plants and beans.




2. Materials and Methods


2.1. Rhizosphere Soil Samples Collection


Rhizospheric soil samples were collected on 8 January 2022 at sites where C. arabica had been cultivated for 8 years. The sample sites at different altitudes (680, 930, 1030, 1210, and 1320 m) were located in Simao district, Pu’er city in Yunnan province (latitude 22°34′45″ N, longitude 101°52′52″ E). For coffee cultivation, altitudes above 1200 m are generally classified as high altitudes, whereas altitudes below 1000 m are generally classified as low altitudes. Altitudes between 1000 and 1200 m are considered to be medium altitudes. Therefore, this study involved two treatments at low altitudes (680 and 930 m), one treatment at a medium altitude (1030 m), and two treatments at high altitudes (1210 and 1320 m). The five study regions comprised mostly sandy and clay soil. All five study regions are located in a subtropical humid monsoon climatic zone with temperatures ranging from 15 °C to 20.3 °C and precipitation varying from 1100 mm to 2780 mm. Besides, all five study regions were shady slopes and unmanaged wastelands before coffee cultivation. The coffee cultivation was managed under full sun exposure. The organic and compound fertilizer application rates were 1000 and 5000 kg per hectare, respectively, in all five study sites. The N, P, and K contents accounted for 15% of the compound fertilizer content. Three biological replicates of composite rhizospheric soil samples were obtained from the roots of 15 randomly selected C. arabica plants at each altitude. Since soil humidity/rainfall, likely, greatly affects the change of fungal community (and there are changes of that among the considered altitudes with rainfall amounts between 680 and 1320 m), we chose to collect experimental samples in the dry season. Three sampling points were randomly selected at 50 cm from the base of the trunk of each C. arabica plant. The samples were mixed for the subsequent analysis. A soil drill with an inner diameter of 10 cm was used to collect samples from the 0–30 cm soil layer. Fine roots with a straight diameter of 0.1–0.5 cm were also collected. The rhizospheric soil samples were obtained by shaking the roots, and then, the sifted soil particles (1 mm diameter) through a 1 mm sieve were saved. All rhizospheric soils were put into sterile centrifuge tubes and refrigerated in the lab. Each rhizospheric soil was homogenized, and then 10 g rhizospheric soils were transferred to tubes and preserved at −80 °C for microbial sequencing analysis. The remaining rhizospheric soils were used for the analyses of the physical–chemical characteristics.




2.2. Measurement of Rhizospheric Soil Physical-Chemical Characteristics


The rhizospheric soil physical–chemical characteristics were examined as described by Bao et al. [29]. The water and soil samples were mixed at a ratio of 2.5:1. All mixed samples were shaken at 200 rpm for 10 min through the shaker and then rested for 30 min. The rhizospheric soil pH was measured using the pH meter. The electrical conductivity of the soil was measured using the conductivity meter. The organic matter was examined according to the K2Cr2O7 oxidation process. The organic carbon content was determined based on a K2Cr2O7 external heating H2SO4 process. The total nitrogen was examined using the Kjeldahl digestion process, whereas the total phosphorus was examined using the NaOH–Mo-Sb anti-colorimetric method. The total potassium was measured using an HF digestion and flame photometric method. The available nitrogen was examined according to the alkali hydrolyzed diffusion process. Nitrate nitrogen was detected using a phenol disulfonic acid colorimetric method, while ammonium nitrogen was detected on the basis of digestion and indophenol blue colorimetry. The available phosphorus was examined using an HCL–H2SO4 extraction colorimetric process, while the available potassium was examined via a CH3COONH4 extraction and flame photometric method.




2.3. DNA Extraction and MiSeq Sequencing


DNA was obtained from 0.5 g rhizospheric soils (dry weight) by soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The V4–V5 regions of the bacterial 16S rRNA genes were sequenced through PCR using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R (5′-CCGTCAATTCCTTTGAGTTT-3′) [30]. The ITS2 regions of the fungal rRNA genes were sequenced through PCR using primers ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [31]. The 5′ end of each primer was tagged with sample-specific barcodes and universal sequences. The PCR sequences were quantitatively examined by the QuantiFluor™-ST Quantification system (Promega, Madison, WI, USA) as well as by 2% agarose gel electrophoresis. The amplicon pools were prepared for sequencing and the size and quantity of the amplicon libraries were assessed using the 2100 Bioanalyzer (Agilent, USA) and the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. The libraries were sequenced on the NovaSeq PE250 platform (Kapa Biosciences, Woburn, MA, USA).




2.4. Bioinformatic Analyses


The libraries were analyzed using the Illumina NovaSeq platform, based on the manufacturer’s recommendations. The reads were divided into libraries based on the unique barcode and truncated by deleting the barcode and primer sequences. The reads were integrated by FLASH v.1.2.8 (http://ccb.jhu.edu/software/FLASH/ (accessed on 8 January 2023)). The high-quality clean reads were obtained by filtering raw reads using fqtrim v.0.94 (http://ccb.jhu.edu/software/fqtrim/ (accessed on 8 January 2023)). Chimeric sequences were filtered by the Vsearch software v.2.3.4 (https://github.com/torognes/vsearch (accessed on 8 January 2023)). After the dereplication step, performed by DADA2 (https://qiime2.org/ (accessed on 8 January 2023)), the feature tables, and sequences were obtained. Using the SILVA (release 138; https://www.arbsilva.de/documentation/release138/ (accessed on 8 January 2023)), feature abundances were normalized by the relative abundances of each sample. Alpha and beta diversity indices were calculated by QIIME2 [32], with graphs drawn by the R package. The BLAST online tool was applied to align sequences. The features of representative sequences were annotated using the SILVA database.




2.5. Statistical Analyses


Statistical analyses were conducted by SPSS 18.0 software and the R vegan package. Alpha diversity was primarily applied to reflect the evenness and richness as well as the sequencing depth of the microbes. It was presented through the Observed_OTUs, Chao1, ace, Shannon, Simpson, and Goods_coverage indices, which reflect richness and uniformity. Specifically, Observed_OTUs indicates the type of operational taxonomic unit (OTU) that can be detected in bacteria and fungi. Chao1 and ace are applied to analyze the richness of the microbes. The Shannon and Simpson indices represent diversity, whereas, Goods_coverage refers to microbial coverage. In contrast, beta diversity was applied to reflect the microbial differences among populations. Briefly, beta diversity was presented through a principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS).





3. Results


3.1. Soil Physicochemical Properties


The differences in the soil pH among altitudes are presented in Figure 1A. The pH initially increased as the altitude increased, peaking (5.27) at 1030 m, although it decreased from 1030 to 1210 m, then, increased slightly at 1320 m. The electrical conductivity and total phosphorus content decreased considerably from 680 to 930 m before increasing sharply, reaching 121.60 μs/cm and 1.65 g/kg, respectively, at 1030 m (Figure 1B,F). From 1030 to 1320 m, the electrical conductivity and total phosphorus content decreased significantly (Figure 1B,F). Similar trends in the changes to the organic matter, organic carbon, total nitrogen, total potassium, nitrate nitrogen, and available nitrogen contents were observed as the altitude increased (Figure 1C–E,G–I). These six soil physicochemical properties tended to decrease from 680 to 930 m, yet then increased, peaking at 1210 m. From 1210 to 1320 m, these six soil physicochemical properties decreased substantially. The ammonium nitrogen content decreased slightly during the low-to-medium altitude change and then increased during the medium-to-high altitude change. The available phosphorus and available potassium contents fluctuated as the altitude increased, however, were the highest at 1030 m (Figure 1K,L).




3.2. Microbial Community Characteristics


The 4315 bacterial OTUs (97% similarity) were founded, with 1998, 2380, 2700, 2494, and 2473 bacterial OTUs obtained at altitudes of 680, 930, 1030, 1210, and 1320 m, respectively. In addition, 835 bacterial OTUs were shared among the five altitudes, accounting for 19.35% of the total number of bacterial OTUs. Accordingly, the bacterial groups in the five fields differed substantially (Figure 2A). A total of 2021 fungal OTUs (97% similarity) were obtained, with 632, 770, 725, 799, and 797 fungal OTUs obtained at altitudes of 680, 930, 1030, 1210, and 1320 m, respectively. Moreover, 178 of the fungal OTUs were common to all five altitudes, accounting for 8.81% of the total number of fungal OTUs. Hence, there were considerable differences in the fungal groups in the five fields (Figure 2B).



To further analyze the bacterial communities in the five rhizospheric soil samples, the V4–V5 regions of 16S RNA genes were estimated. The 1 domain, 25 phyla, 67 classes, 133 orders, 221 families, 403 genera, and 758 species were detected in 15 soil samples.



At the bacterial phylum level (Figure 3A), the top three phyla in all samples were Proteobacteria (26%), Actinobacteriota (22.92%), and Acidobacteria (19.84%). An analysis of the changes in these phyla as the altitude increased revealed that the relative abundance of Proteobacteria increased gradually, peaking at 1030 m, and then decreased gradually. The relative abundance of Actinobacteriota rapidly decreased from 680 to 930 m and then increased substantially, reaching its maximum level at 1210 m. From 1210 to 1320 m, the relative abundance of Actinobacteriota decreased considerably. The relative abundance of Acidobacteria fluctuated as the altitude increased. The relative abundances (0.1% > for greater than) of the bacteria at the phylum level were listed in Table S1.



At the bacterial class level (Figure 3B), the top three classes in all samples were Acidobacteriia (21.83%), Actinobacteria (14.39%), and AD3 (14.38%). The relative abundance of Acidobacteriia fluctuated as the altitude increased. The relative abundance of Actinobacteria decreased from 680 to 930 m and then increased, peaking at 1210 m. From 1210 to 1320 m, the relative abundance of Actinobacteria decreased substantially. The relative abundance of AD3 initially increased slightly from 680 to 930 m, yet subsequently decreased as the altitude increased to 1210 m, before again increasing, reaching its maximum level at 1320 m. The relative abundances (0.1% > for greater than) of the bacteria at the class level were listed in Table S2.



At the bacterial genus level (Figure 3C), Acidothermus (4.61%), Bacillus (4.53%), and Candidatus_Solibacter (2.45%) were the top three genera in all rhizospheric soil samples. The relative abundance of Acidothermus from 680 to 1030 m increased at first and then decreased, after which it increased, reaching its maximum level at 1320 m. As the altitude increased, the relative abundances of Bacillus and Candidatus_Solibacter fluctuated. The relative abundances (0.1% > for greater than) of the bacteria at the genus level were listed in Table S3.



For a more precise analysis of the fungal OTUs, the ITS2 regions of fungal rRNA genes in 15 soil samples were estimated. The 5 domains, 17 phyla, 46 classes, 134 orders, 258 families, 450 genera, and 468 species were identified.



At the phylum level, Ascomycota was the most dominant phylum in the fungal community, accounting for 89.50% of all fungal phyla (Figure 4A). The alterations in the relative abundance of Ascomycota produced a valley curve. More specifically, the relative abundance of Ascomycota decreased slowly during the low-to-medium altitude change, reaching its lowest level at 1030 m, and then increased gradually during the medium-to-high altitude change. The relative abundances (0.1% > for greater than) of the fungi at the phylum level were listed in Table S4.



The dominant fungal classes were Eurotiomycetes (63.63%) and Sordariomycetes (20.23%) (Figure 4B). The relative abundance of Eurotiomycetes initially increased, peaking at 1030 m, but then decreased at 1210 m and increased slightly at 1320 m. As the altitude increased, the relative abundance of Sordariomycetes fluctuated. The relative abundances (0.1% > for greater than) of the fungi at the class level were listed in Table S5.



The dominant fungal genera in the rhizospheric soil samples collected at different altitudes were Penicillium (46.08%), Talaromyces (8.27%), and Purpureocillium (6.73%) (Figure 4C). The relative abundance of Penicillium fluctuated as the altitude rose. The variations in the relative abundance of Talaromyces were visualized as a U-shaped curve. The relative abundance of Purpureocillium decreased slightly from 680 to 930 m and then increased, reaching its maximum level at 1210 m, before decreasing slightly at 1320 m. The relative abundances (0.1% > for greater than) of the fungi at the genus level were listed in Table S6.




3.3. Microbial Diversity


3.3.1. Alpha Diversity Indices of the Microbial Communities


Alpha diversity indices (i.e., Observed_OTUs, Chao1, ace, Shannon, Simpson, and Goods_coverage) were used to reveal the diversity of the bacterial communities in the rhizospheric soil samples (Figure 5). Similar trends were detected in the changes in Observed_OTUs and the diversity indices (Shannon and Simpson) of the bacterial communities as the altitude increased. All three indices initially increased, peaking at 1030 m. They subsequently decreased somewhat from 1030 to 1210 m and increased slightly as the altitude increased to 1320 m. The richness indices (Chao1 and ace) of the bacterial communities increased at first, reaching their maximum levels at 1030 m, and then decreased as the altitude increased to 1320 m. The bacterial coverage rate (Goods_coverage) fluctuated as the altitude increased. The data suggest that the results accurately represented the real situations in each sample. Additionally, the probability that a new bacterial species was not detected in the samples was statistically 0.



Alpha diversity indices (i.e., Observed_OTUs, Chao1, ace, Shannon, Simpson, and Goods_coverage) were also used to reveal the diversity in the fungal communities among the rhizospheric soil samples (Figure 6). As the altitude increased, Observed_OTUs and the diversity indices (Shannon and Simpson) of the fungal communities fluctuated, while the values were highest at 1030 m. Similar to the observed changes in the bacterial communities, the richness indices (Chao1 and ace) of the fungal communities increased at first, reaching maximum levels at 930 m, but then decreased as the altitude increased to 1210 m and finally increased at 1320 m. The fungal coverage rate showed that the data correctly represented the real situations in each sample. Moreover, the probability that a new fungal species was not detected in the samples was statistically 0.




3.3.2. Beta Diversity Indices of the Microbial Communities


Figure 7A presents the distribution of the bacterial communities in the C. arabica rhizospheric soil samples at five altitudes, as determined by the PCoA. On the basis of the first principal coordinate, which accounted for 45.18% of the total variation, the C. arabica rhizospheric bacterial communities at four altitudes (930, 1030, 1210, and 1320 m) were grouped together and clearly separated from the C. arabica rhizospheric bacterial community at 680 m (low altitude). Similarly, the NMDS analysis separated the rhizospheric soil samples into two groups (Figure 7B).



The PCoA results for the first principal coordinate, which contributed 45.00% of the total variation, indicated that the C. arabica rhizospheric fungal communities at four altitudes (930, 1030, 1210, and 1320 m) were generally separated from the C. arabica rhizospheric fungal community at 680 m (low altitude) (Figure 7C). The NMDS analysis indicated the same fungal community structure at each site as well as a clear difference between the rhizospheric fungal community structure at 680 m, and the rhizospheric fungal community structures at the four higher altitudes (930, 1030, 1210, and 1320 m) (Figure 7D).





3.4. Effect of Environmental Factors on Microbial Communities


The redundancy analysis (RDA) for the top five bacterial phyla and rhizospheric soil environmental factors detected unremarkable alterations in the bacterial community structures in the C. arabica rhizospheric soil samples at five altitudes. The first two RDA components (RDA1 and RDA2) explained 41.91% and 31.35% of the total variance, respectively. In addition, the physicochemical properties of the soil samples were separated into two groups (Figure 8A), with one group comprising pH, available potassium, total phosphorus, available nitrogen, total nitrogen, nitrate nitrogen, organic carbon, and organic matter, while the remaining properties were included in the other group. Accordingly, the effects of pH, available potassium, total phosphorus, available nitrogen, total nitrogen, nitrate nitrogen, organic carbon, and organic matter on the bacterial community structure were similar, yet differed from the effects of the physicochemical properties in the other group. The rank order of the influences of the rhizospheric soil physical–chemical characteristics on the bacterial community structure was as follows: pH > available potassium > total phosphorus > ammonium nitrogen > available nitrogen > available phosphorus > total nitrogen > total potassium > nitrate nitrogen > organic carbon > organic matter > EC. Soil pH was the main environmental factor influencing the bacterial community composition at the phylum level. Furthermore, there was a positive correlation between the soil pH and the abundance of Proteobacteria.



The RDA for the top five fungal phyla and rhizospheric soil environmental factors indicated obvious alterations in the fungal community structures in the C. arabica rhizospheric soil samples at five altitudes. The first two RDA components (RDA1 and RDA2) explained 64.57% and 22.37% of the total variance, respectively. The physicochemical properties of the soil samples were divided into two groups (Figure 8B), with ammonium nitrogen forming one group and the rest combining to form the other group. Hence, the effect of ammonium nitrogen on the fungal community structure was distinct from the effects of the other physicochemical properties. The rank order of the influences of rhizospheric soil physical–chemical characteristics on fungal phyla was as follows: EC > total phosphorus > pH > available potassium > available phosphorus > ammonium nitrogen > nitrate nitrogen > organic matter > organic carbon > total nitrogen > available nitrogen > total potassium. Soil EC, total potassium, and pH were the three primary environmental factors modulating the fungal community composition at the phylum level. A positive correlation was found between EC and the abundance of Anthophyta. Additionally, total potassium and pH were negatively correlated with the abundance of Ascomycota, although positively correlated with the abundance of Mucoromycota and Ciliophora.





4. Discussion


Altitude is generally believed to be one of the factors that affect C. arabica quality [33,34,35]. Specifically, on the basis of the correlation between biochemical compositions and altitudes, higher altitudes (e.g., 1000 m) produce higher quality C. arabica plants than lower altitudes [36,37,38,39]. However, additional studies should be conducted to thoroughly clarify the relationship between altitude and C. arabica rhizospheric soil properties.



In this study, the C. arabica rhizospheric soil pH increased slightly from lower altitudes to medium–high altitudes. Therefore, the rhizospheric soil conditions were generally less acidic at medium–high altitudes than at lower altitudes. Furthermore, the organic matter, organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, ammonium nitrogen, and available potassium contents in the C. arabica rhizospheric soil samples were higher at medium–high altitudes than at low altitudes. These results might be connected with the variation in rainfall as the altitude increased, which may have affected the C. arabica rhizospheric soil fertility and acidification. The amount of rainfall at the sample collection sites gradually increased as the altitude decreased. The increased rainfall at lower altitudes likely increased the acidification of the soil because of the associated increased leaching of basic cations, which are transferred to the surface water and groundwater (Rengel et al., 2011). In addition, the increased rainfall at lower altitudes likely accelerated the loss of soil nutrients, leading to decreased soil fertility [40].



In terms of the bacterial communities in the C. arabica rhizospheric soil samples, the Proteobacteria-to-Acidobacteria ratio was lower for the C. arabica rhizospheric soil samples at low altitudes than for the C. arabica rhizospheric soil samples at medium–high altitudes. The Proteobacteria-to-Acidobacteria ratio is a useful indicator of nutrient availability in the rhizosphere soil, with Proteobacteria usually present in nutrient-rich soil, whereas Acidobacteria is more common in nutrient-deficient soil [41,42,43,44]. In this study, the variation in the Proteobacteria-to-Acidobacteria ratio was mainly attributed to the change in soil fertility as the altitude increased. The rhizosphere soil fertility was higher at medium–high altitudes than at low altitudes. Our results agreed with the report of a recent study in which the Proteobacteria-to-Acidobacteria ratio also increased as the altitude increased [45].



In fungal communities, Ascomycota has an overwhelming advantage over other fungi [16,46]. In the present study, the variation in the relative abundance of Ascomycota from 680 to 1320 m was detected as a U-shaped curve. However, the differences among altitudes were not significant, which is suggestive of a lack of correlation between the relative abundance of Ascomycota and altitude. Similar tendencies were reported by Praeg et al. [27] and Wei et al. [28]. Cui et al. [26] analyzed the rhizosphere and bulk soil microbes at different altitudes in the eastern Tibetan Plateau. The marked alterations in the relative abundance of Ascomycota from 2800 to 3500 m also produced a U-shaped curve.



Several studies demonstrated that rhizospheric soil physical–chemical characteristics and plant traits affect the richness and diversity of microbial communities in the rhizosphere [47,48,49]. However, there has been relatively little research on the effects of environmental factors, such as altitude, on microbial community diversity and richness. In our study, changes in altitude considerably influenced the richness and diversity of the rhizospheric soil microbial communities. For example, the richness (Chao1 and ace) and diversity (Shannon and Simpson) indices for the C. arabica rhizospheric soil bacterial communities were higher at medium–high altitudes than at low altitudes. Similarly, in an earlier study, the soil bacterial richness and diversity continued to increase as the altitude increased [50]. The suppression of bacterial populations in the C. arabica rhizospheric soil samples at low altitudes in this study may be related to the excessive rainfall-induced degradation and acidification of the soil. In contrast, earlier research conducted by Pandey et al. [17], Bryant et al. [51], and Wang et al., [52] indicated that the richness and diversity of microbial populations may decrease as the altitude increases. In addition, Chen et al. suggested that soil bacterial diversity also could present the third pattern as the altitude (2400–3800 m) increases [53]. They found that Observed_OTUs, Chao1, and Shannon index showed a signally increasing trend with altitudes up to 3500 m and then presented a downward trend, exhibiting a unimodal pattern [53]. Furthermore, the diversity of microbial populations alongside increasing altitudes also presented a hollow pattern and a drop in microbial diversity at mid-altitudes [54,55]. These inconclusive reports inferred that the biogeographic patterns of microbial community diversity were more complicated than expected. Therefore, more research on microbial communities conduces to illuminate the relationships between microbial diversity and altitude.



Our analysis of fungal communities revealed a lack of altitude-related patterns in the changes to the richness and diversity indices for the C. arabica rhizospheric soil samples, which agreed with the findings of previous studies [22,56]. Changes in altitude can greatly affect rhizosphere microbial community diversity [45]. The beta diversity indices in this study suggested that the diversity and richness of the microbial communities were significantly higher at medium–high altitudes than at low altitudes, especially at 680 m. In addition, our PCoA and NMDS analyses of the microbial communities in the rhizospheric soil samples, collected at five altitudes, indicated that changes in the altitude can substantially alter the C. arabica rhizospheric soil microbial community structures. Moreover, the microbial communities at four altitudes (930, 1030, 1210, and 1320 m) were grouped together and were obviously distinguished from the corresponding communities at 680 m.



Changes in the diversity and composition of soil microbial communities may be due to altitude-related environmental factors that affect the physiological characteristics of the soil microbes [57,58]. In the present study, the RDA results identified pH as the most vital soil environmental factor influencing the soil microbial community compositions. Similar results were obtained in earlier studies conducted on Changbai Mountain and in the Tibetan Plateau by Shen et al. [23] and Yuan et al. [59], respectively. Chen et al. [53] also indicated that soil pH caused by altitude was markedly affected by the diversity patterns of soil microbial community structures in the montane ecosystems. Soil pH-driven altitude patterns of microbial diversity have also been reported across different spatial scales [60,61,62]. The aforementioned reports were all confirmed with interrelation, which displayed that soil pH was dramatically related to alpha and beta diversity indices of the microbial community structures. Moreover, compared with other edaphic factors, pH is better for predicting soil microbial community structures [60,63]. Therefore, the rhizospheric soil microbial communities at various altitudes may be modified by altering specific edaphic factors, including pH. However, the indirect effects of altitude on soil microorganisms (e.g., atmospheric pressure or solar radiation) should be investigated in future studies.



In the present study, many C. arabica rhizospheric soil parameters, including soil fertility, an abundance of plant growth-promoting microbes, microorganism proportions, and rhizosphere microbial community richness and diversity, were better at medium–high altitudes than at low altitudes. Several reports have described the interactions between rhizosphere soil parameters and altitudes [17,25,64]. Most of these studies showed that altitude can profoundly influence coffee quality. Substantial differences in quality have also been detected when the same genotype was cultivated at different altitudes [65]. Decreases in the temperature at medium–high altitudes can delay the ripening of coffee berries and lower the chances of disease, thereby positively modulating coffee quality-related attributes, such as aroma, fruitiness, acidity, and overall quality; temperature increases may lead to the development of an undesirable green earthy taste [36]. In our study, we determined that healthy soil at medium–high altitudes may be ideal for the production of high-quality coffee. Some studies concluded that chemical, physical, and biological (including microbial) components relevant to maintaining soil health can promote plant growth [66,67].




5. Conclusions


We may be able to characterize soil fertility and the distribution of various microbes more thoroughly in the C. arabica rhizospheric soil at different altitudes by completing a systematic examination of the factors associated with soil fertility, and the C. arabica rhizospheric soil microbiome. This information may be used to select C. arabica cultivation sites with optimal growth conditions, which in turn may increase the quality of C. arabica plants and enhance the production of coffee beans that satisfy the stringent quality-based requirements for scientific and commercial uses.
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Figure 1. Physicochemical properties of C. arabica rhizospheric soil at different altitudes. (A) the pH of C. arabica rhizospheric soil at different altitudes; (B) the electrical conductivity of C. arabica rhizospheric soil at different altitudes; (C) the organic matter content of C. arabica rhizospheric soil at different altitudes; (D) the organic carbon content of C. arabica rhizospheric soil at different altitudes; (E) the total nitrogen content of C. arabica rhizospheric soil at different altitudes; (F) the total phosphorus content of C. arabica rhizospheric soil at different altitudes; (G) the total potassium content of C. arabica rhizospheric soil at different altitudes; (H) the available nitrogen content of C. arabica rhizospheric soil at different altitudes; (I) the nitrate nitrogen content of C. arabica rhizospheric soil at different altitudes; (J) the ammonium nitrogen content of C. arabica rhizospheric soil at different altitudes; (K) the available phosphorus content of C. arabica rhizospheric soil at different altitudes; (L) the available potassium content of C. arabica rhizospheric soil at different altitudes. OM, OC, TN, TP, TK, AN, NN, AMN, AP, and AK represent organic matter, organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, nitrate nitrogen, ammonium nitrogen, available phosphorus, and available potassium, respectively. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 






Figure 1. Physicochemical properties of C. arabica rhizospheric soil at different altitudes. (A) the pH of C. arabica rhizospheric soil at different altitudes; (B) the electrical conductivity of C. arabica rhizospheric soil at different altitudes; (C) the organic matter content of C. arabica rhizospheric soil at different altitudes; (D) the organic carbon content of C. arabica rhizospheric soil at different altitudes; (E) the total nitrogen content of C. arabica rhizospheric soil at different altitudes; (F) the total phosphorus content of C. arabica rhizospheric soil at different altitudes; (G) the total potassium content of C. arabica rhizospheric soil at different altitudes; (H) the available nitrogen content of C. arabica rhizospheric soil at different altitudes; (I) the nitrate nitrogen content of C. arabica rhizospheric soil at different altitudes; (J) the ammonium nitrogen content of C. arabica rhizospheric soil at different altitudes; (K) the available phosphorus content of C. arabica rhizospheric soil at different altitudes; (L) the available potassium content of C. arabica rhizospheric soil at different altitudes. OM, OC, TN, TP, TK, AN, NN, AMN, AP, and AK represent organic matter, organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, nitrate nitrogen, ammonium nitrogen, available phosphorus, and available potassium, respectively. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m.
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Figure 2. Venn diagrams of the bacterial (A) and fungal (B) OTUs in the C. arabica rhizospheric soil at different altitudes. The altitudes of the rhizospheric soil sample collection sites are presented in the figure (680, 930, 1030, 1210, and 1320 m). 
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Figure 3. Bacterial community composition and structure in the C. arabica rhizospheric soil samples at different altitudes. (A) Top 10 bacterial phyla. (B) Top 10 bacterial classes. (C) Top ten bacterial genera. Relative abundance was calculated as the percentage of the total effective bacterial sequences in a sample. Classifications were based on the SILVA database. Phyla, classes, and genera that were not included in the top 10 in both libraries were classified as ‘Other.’ Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 
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Figure 4. Fungal community composition and structure in the C. arabica rhizospheric soil samples at different altitudes. (A) Top 10 fungal phyla. (B) Top 10 fungal classes. (C) Top 10 fungal genera. Relative abundance was calculated as the percentage of the total effective fungal sequences in a sample. Classifications were based on the SILVA database. Phyla, classes, and genera that were not included in the top 10 in both libraries were classified as ‘Other’. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 
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Figure 5. Alpha diversity indices of the bacterial communities (based on the 16S rRNA genes) in the C. arabica rhizospheric soil samples at different altitudes. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 
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Figure 6. Alpha diversity indices of the fungal communities (based on ITS regions) in the C. arabica rhizospheric soil samples at different altitudes. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 
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Figure 7. Principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS) analysis of the bacterial and fungal communities in the C. arabica rhizospheric soil samples at different altitudes. (A) PCoA of the bacterial community. (B) NMDS analysis of the bacterial community. (C) PCoA of the fungal community. (D) NMDS analysis of the fungal community. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. 
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Figure 8. Correlations between microbial phyla and soil physicochemical properties. (A) Redundancy analysis (RDA) of the top five bacterial phyla and soil physicochemical properties. (B) RDA of the top five fungal phyla and soil physicochemical properties. Data are presented for the rhizospheric soil samples collected at altitudes of 680, 930, 1030, 1210, and 1320 m. OM, OC, TN, TP, TK, AN, NN, AMN, AP, and AK represent organic matter, organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, nitrate nitrogen, ammonium nitrogen, available phosphorus, and available potassium, respectively. 
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