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Abstract

:

In Tengchong County, springs with wide physicochemical diversity provide a multitude of niches for extremophilic microorganisms. In this study, eight middle-low temperature spring sites along two continuous small streams with low water flow and slow speed in the fourth geothermal experience area of Rehai scenic spot were chosen, and geochemical characteristics and HTS of the 16S rRNA V4 region were used to analyze the prokaryotic community structure and diversity in the water and sediment of these sites. The effect of environmental factors on the microbial communities was explored via redundancy analysis (RDA). All sediment samples had higher alpha diversity values than the corresponding water samples. Twenty-five phyla were annotated; Euryarchaeota, Crenarchaeota, Aquificae, Thermotogae and Proteobacteria were the dominant phyla, accounting for 95.31% of all prokaryotes, with relative abundances above 5%. Aquificae dominated in water samples, while Euryarchaeota dominated in sediment samples. RDA indicated that temperature was the main factor influencing the microbial communities in the two streams. The study expands the current understanding of the microbiology of Tengchong hot springs and provides a basis for further mining of hot spring microbial and functional gene resources.
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1. Introduction


Tengchong County, located in Baoshan city, Yunnan Province, southwestern China, is known for its geothermal features [1,2]. Tectonically, the Tengchong volcanic area is situated in the mini-Tengchong block located in the eastern collision boundary between India and Eurasia [3]. As one of the most active areas of geothermal energy in the world, it has many hot springs with different hydrothermal characteristics, such as hydrothermal explosion pits, geysers, fumaroles and boiling springs [4]. In terms of diversity and scale, the Tengchong hot springs are comparable to the geothermal systems of Yellowstone National Park (YNP) [5], Kamchatka, Russia [6] and Nigorikawa, Japan [7]. In Tengchong County, a wide physicochemical diversity of springs (temperature ranging from 55 °C to 97 °C; pH from ≤1.8 to ≥9.3) provides a multitude of niches for extremophilic microorganisms [8].



The 16S rRNA gene high-throughput sequencing (HTS) approach was first applied to assess the bacterial diversity of soils in 2007 [9]. Soil DNA was extracted, and pyrosequencing was performed following the amplification of the hypervariable V9 region of the highly conserved 16S rRNA gene [9]. In 16S tag sequencing experiments, primer specificity introduces a bias as no primer pair is universal [10], and many reports have documented that primer choice is a crucial factor in the design of a study [11,12,13,14]. Tremblay et al. [10] found that HTS of the 16S rRNA V4 region showed the most remarkable similarity to community profiles determined by metagenome shotgun sequencing. In the Tengchong geothermal area, various studies have focused on the cultivation, identification, basic physiology, microbial community structure and biotechnological potential of thermophilic microorganisms [9]. Hou et al. [2] reported a comprehensive, cultivation-independent census of microbial communities in 37 samples collected from both the Ruidian and Rehai locations, encompassing sites ranging in temperature from 55.1 to 93.6 °C, pH from 2.5 to 9.4 and mineralogy from silicates in Rehai to carbonates in Ruidian using pyrosequencing of the V4–V8 region of the 16S rRNA gene. Wang et al. [15] studied the temporal changes of microbial communities in Tengchong hot springs with geochemical variations by using the V4–V8 region of the 16S rRNA gene. Jiang et al. [16] chose Zhenzhuquan in the Tengchong geothermal area, a representative acid sulfate hot spring with low chloride, to study arsenic geochemistry and microbial community structure using HTS of the V4 region of the 16S rRNA gene from water and sediment samples. However, there have been few studies focusing on microbial communities of spring sites in small watersheds with middle-low temperature.



In our study, eight hot spring sites with temperature ranging from 34 °C to 63 °C along two hot spring streams (X and Y) in the fourth geothermal experience area of Rehai, Tengchong County, Yunnan Province, were selected. These streams are located near Dagunguo [2], with water features of low water flow and slow speed. Microbial community differences in the two types of streams were explored via HTS of the V4 region of the 16S rRNA gene from water and sediment samples.




2. Materials and Methods


2.1. Sample Collection


As shown in Figure 1, on stream X, the water flows from the tiny hot spring X1 to X3, merges with another branch from the tiny hot spring X4 and flows to X5. On stream Y, the water flows directly from the little hot spring Y1 to Y3. The corresponding temperature and pH from the eight sites were measured (Figure 1). Three biological replicates were collected of the water and sediment at each site (namely, X1.W.1, X1.W.2, X1.W.3…Y3.W.1, Y3.W.2, Y3.W.3 and X1.S.1, X1.S.2, X1.S.3…Y3.S.1, Y3.S.2, Y3.S.3). For each water sample, 20 L water was filtered through a filter (0.22 mm pore size, 25 mm diameter, Millipore, Burlington, MA, USA) to collect biomass. The filters of water together with sediment samples from the eight sites were collected, sealed and stored in a 50 mL sterile centrifuge tube. These tubes were quickly stored on dry ice and transported to a −80 °C refrigerator in the laboratory for temporary storage.




2.2. DNA Extraction and Sequencing


The DNA of the water and sediment samples was extracted using a MOBIO PowerSoil® DNA Isolation Kit (MO BIO, Carlsbad, CA, USA) according to the manufacturer’s protocol. The V4 region of the 16S rRNA gene was amplified with the universal primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′), modified from Li et al. [17]. PCRs containing 25 μL 2× Premix Taq (Takara Biotechnology, Dalian Co., Ltd., Dalian, China), 1 μL of each primer (10 mM) and 3 μL DNA (20 ng/μL) template in a volume of 50 µL were amplified via the following thermocycling program: 5 min at 94 °C for initialization; 30 cycles of 30 s denaturation at 94 °C, 30 s annealing at 52 °C and 30 s extension at 72 °C; followed by a 10 min final elongation at 72 °C. Amplicons were purified with an EZNA Gel Extraction Kit (Omega, Dallas, TX, USA).



Sequencing libraries were generated using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina HiSeq 2500 platform, and 250 bp paired-end (PE) reads were generated. All 16S rRNA amplicon sequencing data have been deposited in the CNGB Sequence Archive (https://db.cngb.org/cnsa/ (accessed on 6 January 2022)) under project accession number CNP0002580.




2.3. Processing of Sequence Data


Quality filtering of the sequences obtained from the HiSeq 2500 sequencing platform was performed under specific filtering conditions to obtain high-quality clean reads according to the Trimmomatic V0.33 [18] quality-controlled process. PE reads were assigned to each sample based on their unique barcode and primer via Mothur V1.35.1 (http://www.mothur.org (accessed on 10 April 2018)), after which the barcodes and primers were removed, and the PE clean reads were obtained. Then, these clean reads were merged using FLASH V1.2.11 [19] according to the overlapping relationship of the PE reads. At least 10 of the reads overlapped the reads generated from the opposite end of the same DNA fragment, the maximum allowable error ratio of the overlap region was 0.2 and the spliced sequences were called raw tags. After quality filtering was performed by Trimmomatic software, effective clean tags were used for operational taxonomic unit (OTU) clustering.



De novo OTU clustering was performed with USEARCH V8.0.1517 (http://www.drive5.com/usearch/ (accessed on 12 April 2018)). Sequences with ≥97% similarity were assigned to the same OTU. Singleton OTUs were removed, and a representative sequence for each OTU was screened for species annotation in the GreenGene database (http://greengenes.secondgenome.com/ (accessed on 15 April 2018)) by the assign_taxonomy.py script (http://qiime.org/scripts/assign_taxonomy.html (accessed on 15 April 2018)) in QIIME with a confidence threshold to default of 0.5 or more.




2.4. Statistical Analysis


The alpha diversity based on the Shannon index for each sample and the beta diversity based on weighted UniFrac distances were calculated via QIIME (V1.9.1) and displayed with R software (V2.15.3) [20]. Principal coordinate analysis (PCoA) was performed to obtain principal coordinates and to visualize the complex; these findings were displayed by using QIIME (V1.9.1) and the ggplot2 package in R software. Redundancy analysis (RDA) and parameter correlation were carried out using the R programming language [20] and the Vegan package [21].





3. Results


3.1. Sample Characteristics


Two types of streams with low water flow and slow speed were selected. For stream X, samples were collected from the branches and confluence, while for stream Y, samples were collected upstream and downstream. Temperature and pH ranged from 38.3 to 63.4 °C and 2.75 to 3.16 in stream X and 34.3 to 47.6 °C and 2.37 to 2.41 in stream Y, respectively (Figure 1). These findings indicate that regardless of temperature or pH, the fluctuation in the X stream was more remarkable than that in the Y stream. As the water flowed, the temperature decreased, and the color of the sediments gradually turned to green.




3.2. Microbial Community Composition and Diversity


A total of 5,537,604 clean reads were obtained from the 48 samples, and the clean tags ranged from 86,435 to 136,671, with an average length of 253 bp (Additional file: Table S1). The largest number of OTUs was observed in the sediment samples from the X1 site, with an average of 1531, while the smallest number of OTUs was observed in the sediment samples from the Y2 site, with an average of 485. Interestingly, these results indicated that the sediment samples had more OTUs than the water samples in stream X and stream Y, except at site Y2 (Supplementary Materials Table S1). Figure 2 shows the distribution of OTUs across the streams and sample types. A total of 115 and 238 OTUs and 146 and 207 OTUs were shared across all the sediment and water samples in streams X and Y, respectively (Figure 2). Regarding the proportions of shared OTUs, the proportion of shared OTUs was higher in the water samples than in the sediment samples from two streams. Notably, in stream X, the proportion of shared OTUs in the water samples was approximately three times higher than that in the sediment samples.



In addition, all the sediment samples had higher average alpha diversity values than the corresponding water samples (water vs. sediment, X1: 3.098 vs. 3.585, X2: 2.86 vs. 3.145, X3: 2.769 vs. 3.154, X4: 2.799 vs. 3.431, X5: 4.489 vs. 4.803, Y1: 2.643 vs. 3.474, Y2: 3.095 vs. 3.218, Y3: 2.562 vs. 3.446) (Figure 3A), and the samples from the X5 site had the highest microbial diversity. In the beta diversity analyses (Figure 3B), the eight water samples clustered together in the left lower quadrant, especially the X3 and X4 samples and the X2 and X5 samples. Although the sediment samples were more scattered, the Y2, X5 and Y3 sediment samples clustered tightly.




3.3. Bacterial Taxonomic Composition Analysis


Species annotation showed that bacterial OTUs (81.87%) were dominant and that archaeal OTUs accounted for 17.95% of the total. The relative abundances at the phylum level of all 48 samples are shown in Figure 4. The taxonomic compositions of the three biological replicates for each type of sample at each site were relatively close. Furthermore, the OTU annotation numbers for the three biological replicates from kingdom to genus were quite consistent (Supplementary Materials Figure S1). A total of 25 phyla were annotated, among which the names of 3 archaeal phyla and 15 bacterial phyla were determined. Euryarchaeota, Crenarchaeota, Aquificae, Thermotogae and Proteobacteria were the dominant phyla with relative abundances above 5%, accounting for 95.31% of the total prokaryotes. Aquificae dominated in the water samples, while Euryarchaeota dominated in most sediment samples.



For stream X, five sampling points, except confluence site X5, the compositions of bacteria and archaea between the water and sediment samples were quite different (Figure 4). In addition, the top three highest relative abundances of bacterial phyla in the water samples were Aquificae (34.06–63.48%), Proteobacteria (1.06–13.66%) and Thermotogae (1.33–12.71%). The sediment groups with the highest relative abundances also belonged to the three phyla mentioned above with different ranks, namely, Aquificae (1.05–20.20%), Thermotogae (0.02–31.84%) and Proteobacteria (0.84–14.11%). For stream Y, the top three bacterial phyla in the water samples were Aquificae (47.94–69.82%), Proteobacteria (9.22–17.59%) and Thermotogae (2.49–11.90%). In contrast, the top three bacterial phyla in the sediment samples were Aquificae (0.60–11.59%), Proteobacteria (8.09–15.67%) and Nitrospirae (0.01–1.37%). In the upstream sediment samples, four phyla, Aquificae, Proteobacteria, Thermotogae and Firmicutes, were dominant, accounting for approximately 40% of the total. However, in the sediment samples of the middle and lower reaches of stream Y, only two phyla, Thermotogae and Proteobacteria, were considered primary.



At the order level, the OTUs were distributed across 25 orders, with the most abundant belonging to Aquificales, which exhibited an average relative abundance of up to 54.21% in all the water samples, followed by V5 (mean 12.25%), Desulfurellales (mean 4.11%) and Rhodospirillales (mean 3.96%) (Figure 5A). There were 308 families belonging to 22 bacterial phyla, and the top five families were Aquificaceae (0.60–69.82%), Desulfurellaceae (0.006–11.78%), Acetobacteraceae (0.34–6.66%), Leptospirillaceae (0.001–7.95%) and Acidithiobacillaceae (0.005–5.92%) (Supplementary Materials Table S2). At the genus level, hierarchical clustering of the heatmap was performed based on the Euclidian similarity index of the relative abundance in top 30 observed genera (Figure 5B). The results showed that 27 genera belonged to bacteria and three genera were archaea. From right to left, the water samples from Y2, Y3 and X5 clustered together, depicting similar bacterial and archaeal communities. Another cluster included water samples from sites X1, X3 and X4 and sediment samples from sites X1 and X3, which indicated that the water and sediment samples of sites X1 and X3 had similar microbial communities. Additionally, the water samples from sites X2 and Y1 clustered together, while the sediment samples from sites Y2 and Y3 clustered together. Moreover, the sediment samples of sites Y1 and X5 were separate clusters.




3.4. Archaeal Taxonomic Composition Analysis


The OTUs were distributed among three archaeal phyla, Euryarchaeota (5.39–54.98%), Crenarchaeota (0.41–36.58%) and Parvarchaeota across all the samples (Figure 4). Except for the water samples at confluence site X5, the relative abundances of Euryarchaeota were higher than those of Crenarchaeota, with average values of 31.9% and 11.1%, respectively. At the order level, there were five orders, with the most abundant belonging to Thermoplasmatales (up to 53.64%) in the sediment sample upstream of stream Y and Sulfolobales (0.011–20.798%) across all samples (Figure 5A). There were 28 families belonging to three archaeal phyla, and the most abundant families were Sulfolobaceae (mean 8.71%), A10 (mean 24.90%) and BSLdp215 (Supplementary Materials Table S2). Interestingly, the relative abundance of family A10 in all the sediments was higher than the mean value. In contrast, in family BSLdp215, only four sediment groups (X2, X5, Y1 and Y2) and one water group Y1 had higher relative abundances than the mean value. These two families belonged to Thermoplasmatales. In Figure 5B, the top 30 genera were illustrated in a heatmap, and three were archaeal genera, namely, Metallosphaera, Thermogymnomonas and Sulfophobococcus.




3.5. Effect of Environmental Factors on the Microbial Communities


Temperature and pH were two main factors assessed in the two streams, the effects of which were tested via RDA. Between the two canonical ordinates, RDA1 and RDA2, which were the linear combinations of the explanatory variables, RDA1 was far more critical than RDA2 in the four groups (Figure 6). In the sediment samples of stream Y, RDA1 explained 94.06% of the variation. Temperature and pH were positively correlated in the four groups and were the most highly correlated in the water samples of stream Y. In addition, temperature and pH had similar explanatory power to both RDA1 and RDA2 in this group. This result indicated that temperature and pH had similar explanatory power to RDA1, while the effect of temperature was primarily represented in RDA2 of the sediment group in stream Y. Therefore, temperature was the main factor influencing the community. In stream X, RDA1 was primarily explained by temperature (Figure 6A,B), and RDA2 only weighted 6.3% and 3.06%. Therefore, temperature was the main factor influencing the microbial community in streams X and Y.




3.6. Effect of Different Stream Sites on the Microbial Communities


According to the top 30 genera with the highest abundance, clustering of the samples was performed at different locations in the two streams. Each group, including more than three species, was selected and is shown in Figure 7. In stream X, there were four groups for the sediment sample and only two groups for the water sample, while in stream Y, there were three groups in either water or sediment samples. The greatest number of species that clustered to form the trend were found in the sediment samples in stream Y, while in stream X, the sediment and water groups had similar numbers of clustered species. Along the direction of the flow in stream X, the relative abundances of Desulfurella, Acidisphaera and Acidimicrobium exhibited similar trends, namely, increase-decrease-increase-increase, in water or sediment (Figure 7A,E). The relative abundances of Thermodesulfobium and Acidiphilium remained unchanged at the four stream sites in the upper and middle of stream X (Figure 7C,F). After the two branches merged, the relative abundances of Caldisericum, Thermoanaerobacterium, Thermodesulfovibrio and Thermodesulforhabdus increased in the sediment (Figure 7B). This indicates that these four genera were mainly from tributary X4. In stream Y, along the flow of the water, the largest cluster included 11 genera, which decreased at midstream and remained constant downstream (Figure 7G). Figure 7J shows that Acidisphaera, Acidithiobacillus, Leptospirillum and Thermus increased at midstream and decreased downstream, similar to the water or sediment samples of the stream X primary current (X1 to X3).





4. Discussion


The Earth is a substantial thermal reservoir, and extreme ecosystems such as hot springs that formed on the Earth’s surface by geothermal activities are considered to be the cradle of the origin of life and evolution [22]. Research on the physiological and biochemical functions and applications of extremophiles has been widely carried out worldwide, especially in Tengchong, Yunnan [2,6,8,16,17,23,24,25]. The related technologies and research results are commonly used in industry and environmental conservation, such as in the applications of thermostable enzymes [26] and bioleaching of electronic waste [27]. Microbial diversity research can aid in the discovery of species with potential applications. These studies focused on the structure and diversity of the microbial communities in water and sediments sample with different temperature and pH and geochemical variations. However, there are few studies in small watersheds with middle-low temperature, low water flow and slow speed. In this study, eight middle-low temperature (34.3 °C~63.4 °C) and acidic (pH 2.37~3.16) hot spring sites in two continuous small watersheds in the fourth geothermal experience area of Rehai scenic spot, Tengchong County, Yunnan Province, were selected to explore community structure and species diversity.



Euryarchaeota, Crenarchaeota, Aquificae, Thermotogae and Proteobacteria were the dominant phyla with relative abundances above 5%, accounting for 95.31% of the total prokaryotes. The bacterial phylum Aquificae dominated in the water samples, while the archaeal phylum Euryarchaeota dominated in the sediment samples. On average, the bacterial order Aquificales and the archaeal order Thermoplasmatales with relative abundances above 30% dominated in the water and sediment samples, respectively.



The Aquificae phylum is a diverse collection of bacteria that live in harsh environmental settings [28,29]. In the 16S rRNA gene trees, Aquificae species branch in the proximity of the phylum Thermotogae close to the archaeal-bacterial branch point [30,31]. Notably, many archaeal species live in ultrahigh temperature environments. Two genera of Aquificales, Hydrogenobacter and Hydrogenobaculum, are common in terrestrial geothermal environments and have been previously observed in YNP [32,33,34,35,36] and nine springs from both the Ruidian and Rehai locations in Tengchong [2]. Hou et al. [2] found that Hydrogenobacter and Hydrogenobaculum were abundant in high temperature (73.8~93.6 °C), circumneutral to alkaline pH (6.7~9.4) springs and low-temperature (55.1~64.5 °C), acidic (pH: 2.5~2.6) and sulfur-rich springs, respectively. Hydrogenobaculum was mainly dominant in sediment, with the highest relative abundance of close to 70% (Figure 7K) in the Y3 site of stream Y (34.3 °C, pH 2.37). Some members of Aquificales can grow heterotrophically; however, all members can fix CO2 using the reductive tricarboxylic acid (TCA) cycle. Hydrogenobaculum has the “B-type” reductive TCA cycle [37]. The genus-species designation Hydrogenobaculum acidophilus, isolated from a solfataric mud in Japan, can use CO2 as the sole carbon source [38]. Additional strains of the genus Hydrogenobaculum have been isolated. At YNP, an arsenite-oxidizing Hydrogenobaculum sp. strain H55 [39], thermoacidophilic Hydrogenobaculum sp. strain Y04AAS1 [40], and four closely related Hydrogenobaculum sp. isolates (≥99.7% 16S rRNA gene identity) have been isolated [41]. Hydrogenobaculum sp. T-6 can use both H2 and reduced S compounds as electron donors and was isolated in the Rehai Geothermal Field, Tengchong [42]. Thus, distinguishing species of the genus Hydrogenobaculum that carry out oxidation of fixed CO2, arsenite, H2 or reduced S compounds is an important research direction.



The phylum Euryarchaeota contains most species of Archaea, including methanogens often found in animal guts, Halobacteriaceae living in extremely high salt concentrations [43], and some hyperthermophilic aerobic and anaerobic archaea; there are also marine taxa. On the 16S rRNA phylogenetic tree, this phylum forms a monophyletic group. Thermoplasmatales is an order of the Euryarchaeota, and these microbes grow optimally at pH values below 2; additionally, most members of this order are thermophilic [44]. The most abundant Thermoplasmatales occurred in sediment samples upstream of stream X or Y (Figure 5A) at relatively higher temperatures in each stream (Figure 1). We found that the genus Thermogymnomonas dominated Thermoplasmatales, and it is monospecific at present; the type species is Thermogymnomonas acidicola. T. acidicola was isolated from a sample of solfataric soil collected from Ohwaku-dani, Hakone, Japan [45], which grows at temperatures in the range 38~68 °C (optimum, 60 °C) and pH 1.8~4.0 (optimum, pH 3.0). The growth environment of T. acidicola was similar to that of the two streams in this study.



The Crenarchaeota order Sulfolobales was abundant in stream X (Figure 5A) and at high-temperature, acidic and sulfur-rich sites in both water and sediment in Diretiyanqu of Tengchong [2].



The genus Metallosphaera of the order Sulfolobales was the most abundant Archaea in the two streams, while the dominant genus Sulfolobus at Diretiyanqu [2] was also distributed in acidic sulfataras at YNP and elsewhere [46]. In addition, the genus Thermogymnomonas of the order Thermoplasmata was also present in the top 30 genera (Figure 5B). Most members of the genus Metallosphaera have the ability to mobilize metals; Metallosphaera sedula [47,48], Metallosphaera prunae [49], Metallosphaera cuprina [50], Metallosphaera hakonensis [51] and Metallosphaera tengchongensis were isolated from muddy water samples of a sulfuric hot spring located in Tengchong County [52].



A previous study found that small volume flows may only be effective in recharging deep ground water with no direct contribution to soil water to a depth of 2 m [2]. Another study found that a much higher microbial diversity in sediment than in water may be related to long water residence time [53]. As the water flowed downward, the water samples of lower hot spring sites possessed more OTUs (Figure 2). The Venn diagrams (Figure 2) also made it clear that there were more OTUs jointly owned by water samples rather than sediment samples in each stream, and the sediment samples possessed more specific OTUs. According to the cluster in Figure 7, we can infer that also the water flow affected the microbial composition of spring sites downstream.




5. Conclusions


Similar to previous research, this study showed that temperature was the main factor influencing the microbial communities in two streams. In addition, water flow may also affect the Bacterial and Archaeal communities of the eight hot springs, and sediment samples had significantly higher alpha diversity values than the corresponding water samples. Of the twenty-five phyla annotated, Aquificae dominated in water samples, while Euryarchaeota dominated in sediment samples. The study expands the current understanding of the microbiology of Tengchong hot springs and provides a basis for further mining of hot spring microbial and functional gene resources.
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Figure 1. Map showing the eight sampling sites along the two streams. 
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Figure 2. Venn diagrams showing the distribution of unique and shared OTUs within various sample types. (A) Sediment sample and (B) water sample in stream X; (C) sediment sample and (D) water sample in stream Y. (A) 1012, 486, 433, 524 and 666 OTUs were owned by each sediment sample in stream X while 549, 78, 73, 118 and 285 OTUs were unique OTUs and 115 OTUs were shared by 5 samples. (B) 464, 439, 514, 526 and 675 OTUs were owned by each water sample in stream X while 42, 55, 43, 49 and 189 OTUs were unique OTUs and 238 OTUs were shared by 5 samples. (C) 565, 325 and 520 OTUs were owned by each sediment sample in stream Y while 332, 55 and 247 OTUs were unique OTUs and 146 OTUs were shared by 3 samples. (D) 350, 427 and 463 OTUs were owned by each water sample in stream Y while 75, 84 and 146 OTUs were unique OTUs and 207 OTUs were shared by 3 samples. 
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Figure 3. Alpha and beta diversity in all 48 samples. (A) Boxplots of the Shannon index values of the eight sites, where S indicates a sediment sample and W indicates a water sample. (B) First two axes of weighted UniFrac principal coordinate analysis (PCoA) at the OTU level of beta diversity analysis. Each group color coding is the same as for panel a. 
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Figure 4. Relative abundances of microbes in all 48 samples at the phylum level. 
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Figure 5. (A) Relative abundances of the top 30 most abundant bacterial and archaeal taxa at the order level. ‘Others’ represent all taxa that scored a relative abundance of below 1% across all samples in both data sets. (B) Heatmap of Z-score-transformed relative abundances at the genus level. The heatmap scale displays the row Z score (Z score = [actual relative abundance of bacterial taxa at the class level at a specific depth of one sample—mean relative abundance of the same taxa in all samples]/standard deviation). Thus, the positive Z scores in red indicate values above the mean, while the negative Z score values in blue are below the mean in units of standard deviation. 
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Figure 6. Redundancy analysis (RDA) ordination biplot for environmental factors and microbial communities. (A) X stream sediment samples, (B) water samples, (C) Y stream sediment samples, (D) water samples. T is the temperature. 
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Figure 7. The trends of microbial community abundance with the current of stream. Panel one and two for stream X sediments group, (A) increase-decrease-increase-increase model, (B) constant-constant-increase-increase model, (C) constant-constant-constant-increase model, (D) decrease-decrease-constant-constant model. Panel two for stream X water group, (E) increase-decrease-increase-increase model, (F) constant-constant-constant-increase model. Panel three for stream Y sediments group, (G) decrease-constant model, (H) increase-increase model, (I) constant-increase model. Panel four for stream Y water group, (J) increase-decrease model, (K) increase-increase model, (L) constant-increase model. 
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