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Epilithic biofilms play an important role in the biogeochemical processes in the aquatic environment, but the effect of anthropogenic activities, such as the construction of hydraulic structures and the discharge of sewage, on the bacterial communities in epilithic biofilms remains unclear. This study investigated the taxonomic composition and the diversity of bacterial communities along a channel reach of ~30 km at a gravel bed river, the Shiting River in Sichuan Province, China. The samples of epilithic biofilms were collected at the upstream and downstream of weirs, bridges, and near the inflows of artificial channels. The results of the physiochemical parameters of the flow revealed that the carbon-related parameters in the flow were obviously higher at a location, where the piers of the bridges were being reconstructed and the adjacent bank revetments were being constructed. The discharge of sewage caused a significant increase in the concentration of nitrogen-related parameters at certain locations. The diversity of bacterial communities in epilithic biofilms immediately downstream of weirs was generally lower than that upstream of weirs. The lowest values of bacterial community diversity were found near a sewage inflow. Our results suggest that human activities, e.g., bank revetments, weirs, and discharging of sewage may cause a decline in bacterial community diversity.
1 Introduction
In the aquatic environments, microbiomes are mostly attached to solid substrates, where the microbiomes and the extracellular polymeric substance (EPS) produce themselves from biofilms [1]. Biofilms usually include algae, bacteria, fungi, and protozoa [2]. These microbial assemblages play a key role in the decomposition of organic matter, the composition of food webs, and the cycling of nutrients, and are the main sites of biogeochemical cycling [3]. Biofilms develop more rapidly than other aquatic structures and can be used as an indicator of the environmental health of a watershed [4].
Anthropogenic activities, such as the construction of hydraulic structures and sewage discharge can exert severe adverse impacts on river ecosystems [5]. The construction of hydraulic structures significantly alters the natural characteristics of rivers and disrupts sediment and nutrient transport [6]. Changes in the physicochemical properties of sediment caused by dam construction may result in the construction of some sensitive species and the increase of adaptive species, known as species sorting [7-9]. Studies of sedimentary bacterial communities have shown that severe riverbed scours downstream of the dam have led to a dramatic decline in microbial species [10]. The discharge of industrial and domestic wastewater can cause nutrients to enter the river directly or indirectly [11]. Nonetheless, limited information is available on the response of epilithic biofilm bacteria to anthropogenic activities.
In this study, we conducted a field survey of the bacterial community in the epilithic biofilms at the Shiting River, Sichuan during the period from Oct. 28 to Nov. 2, 2021. The longitudinal changes in the bacterial communities and the impacts of human activities were investigated. The objectives are (1) to characterize the bacterial community composition in the epilithic biofilms, and (2) to evaluate the impact of human activities, e.g., construction of hydraulic structures and discharge of sewage on the bacterial community. Our results may help to inform the restoration and protection of the aquatic environment. 
2 STUDY AREA
The Shiting River is the first tributary of the upper reaches of the Tuo River, which is a first-class tributary of the Yangtze River. It drains from the Longmen Mountain and flows to the Chengdu Plain, with a catchment area of 1501 km2 [12]. This area experiences a subtropical humid monsoon climate, with annual rainfall between 850 and 1700 mm. The catchment geology is mainly granite, amphibolite, and tuff. As a result of the Wenchuan Earthquake of 8.0 magnitude in 2008, the sediment concentration of the Shiting River increased. Deposition occurred upstream, while the downstream reaches suffered severe scouring and undercutting [13].
This study reach is between the Gaojingguan hydrological station (just upstream of site A1 in Fig. 1) to the confluence of the Sheshui River at the lower reach of the Shiting River with a river length of ~30 km (Fig. 1). There are four weirs and five bridges at the channel reach. The four weirs are herein called the Diversion Weir, the First Weir, the Hongyan Canal Weir, and the Renmin Canal Weir from the upstream to the downstream. The heights of the four weirs are approximately 3m, 2 m, 25 m and 20 m, respectively. There are water pipelines under the Hongyan and Renmin Canal Weirs. The sediment behind the weirs almost reached the top of the weirs. The sediment is mainly transported in the flood season, and most sediment and almost all the water can be transported to the downstream. The channel was eroded severely downstream of the Hongyan and Renmin Canal Weirs, resulting in high banks and terraces. 
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Figure 1． Study channel reach at Shiting River

3 METHODS
3.1 Sample collection
Water samples and epilithic biofilms were collected from Oct. 28 to Nov. 2, 2021, at the sampling sites along the study reaches as shown in Fig.1. The four sets of sampling sites upstream and downstream of the weir are A1 and A2, A3 and B1, C4 and D1, and D2 and E1. The sampling sites A2, B1, D1, and E1 are 0.7km, 0.1 km, 2.2 km , and 1.4 km downstream of the Diversion Weir, First Weir, the Hongyan Canal Weir ,and the Renmin Canal Weir, respectively. Biofilms were collected in samples from rocks in riffles at each site. Rocks were collected randomly between 5 and 15 cm below the surface of the river. Epilithic material was scraped off the top surface of each rock using a sterile knife and then suspended in water. The samples were combined into a sterile, high-density polyethylene tube, kept on ice and in the dark, and transported to the laboratory for later analysis.

Water samples were collected for physicochemical analysis. The pH, water temperature (TEMP), dissolved oxygen (DO), electrical conductivity (EC), and total dissolved solids (TDS) were measured in situ using a multi-function detector (Heng Xin, Taiwan, China) and turbidity was measured in situ using a portable turbidimeter (HACH, Loveland, USA). Other variable analyses were performed in the laboratory. The ammonium molybdate spectrophotometric method was applied for the determination of total phosphorus (TP). The total nitrogen was determined through nitrogen-Alkaline potassium persulfate digestion UV spectrophotometric method. The ammonia nitrogen (N-NH4) concentration was obtained with Nessler’s reagent spectrophotometry. The nitrite (N-NO2) concentration was identified via the Spectrophotometric method. The nitrate (N-NO3) content was measured through Ultraviolet spectrophotometry. The chemical oxygen demand (COD) concentration was determined by the Fast digestion method. The total organic carbon (TOC), total inorganic carbon (TIC), and total carbon (TC) were measured using a TOC analyzer. 

3.2 DNA extraction, PCR amplification, and Sequencing

Genomic DNA was extracted from 0.5 g of sediments samples using the FastDNA® Spin Kit for Soil (MP Biomedicals, CA, USA) following the manufacturer’s protocols. The concentration and purity of extracted DNA were checked by 1% agarose gel electrophoresis. Primers 338F(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R(5'-GGACTACHVGGGTWTCTAAT-3') were used to amplify the bacterial regions V3-V4 of the bacterial 16S rRNA gene by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and finally ddH2O up to 20 μL. PCR reactions were performed in triplicate. Amplicons were extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, USA). Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). 
For the raw 16S rRNA gene, forward and reverse sequences were generated by FLASH (v1.2.7.). The tags were clustered to operational taxonomic units (OTUs) with 97% similarity by using UPARSE (v7.1), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier (v2.2) against the 16S rRNA database using a confidence cutoff of 70%.

3.3 Statistical analysis
The bacterial community coverage, richness, and diversity were estimated using the Coverage, Ace and Shannon indexes, respectively. These variables were calculated using the software package MOTHUR 1.15.0. Bacterial community similarity analyses were performed by the principal component analysis (PCA) in R program (v3.3.1). To visualize the relationships between environmental parameters to the bacterial community composition, Redundancy analysis (RDA) was performed using the R base package. Environmental factors with VIF (Variance Inflation Factor) >10 were removed by VIF variance inflation factor analysis to avoid the influence of collinearity between factors before RDA analysis. The differences in the results were confirmed by using an analysis of similarities (ANOSIM) between different groups based on the Bray-Curtis distances.

4 results AND DISCUSSION

4.1 Taxonomic structures of bacterial communities
A total of 7208 OTUs were obtained from Illumina Miseq sequencing and they belong to 48 phyla and 1453 genera. Overall, the dominant phyla included Proteobacteria, Cyanobacteria, and Actinobacteria, with relative abundances of 49.9%, 18.3%, and 11.4% respectively. At the genus level, the first dominant taxa were Tychonema_CCAP_1459-11B at sites A2, B2, C2, C3, and E1 (34.7%, 7.2%, 32.8%, 21%, and 16.8%), Exiguobacterium at E2 and F1 (8.6% and 7.0%), norank_f__norank_o__Chloroplast at F3 (16.8%), and Rhodobacter at the rest of the sampling sites. Some special dominant genera were observed at sites E1 and F3. Specifically, the presence of Pseudomonas (14.8%) among the dominant genera was observed at site E1. Arthronema_SAG_12.89 (11.3%), and Leptolyngbya_PCC-6306 (7.1%) were observed among the dominant genera at site F3.
4.2 Physicochemical characteristics of river flow and its impact on bacterial community
The nitrogen-related parameters (N-NO3, N-NH4, and TN) and TDS at F3 were obviously higher and pH was lower than those at other sites. The carbon-related variables including TOC, TIC, and TC have the highest volumes in the water samples at site E1 at the downstream of the Chengmian Bridge. Some investigations have shown that dam construction can reduce TDS concentration [14], and this has been observed upstream and downstream of the weirs in our study. The finding of increased turbidity downstream of the weir contradicts other studies, which indicate that dam construction causes a decrease in river turbidity [15, 16]. The rest of the environmental factors fluctuated with no obvious pattern in space.

We used RDA analysis to evaluate the influence of physicochemical variables on bacterial communities. The result showed that N-NH4, pH, and TOC had the greatest influence on the epilithic bacterial communities at the genus level. These environmental factors have also been reported in previous studies to be related with the epilithic bacterial communities. For example, Anderson-Glenna et al. (2007) demonstrated that the epilithic biofilms in the Cloghoge River (Ireland) showed strong correlations to pH [17]. Wang et al. (2019) reported that N-NH4 and TOC were the dominant factors shaping the composition of the bacterial community [18]. 

4.3 The Alpha diversity of bacterial communities 
The Good’s coverage values for all samples ranged from 99.53% to 99.75%, indicating that the bacterial profiles correctly represent the major microbial communities. As shown in Fig. 2, the Ace and Shannon indices were the lowest at site F3 (see its location in Fig. 1), indicating the poorest community richness and the lowest diversity. The Ace and Shannon indices were smaller at the downstream of the First Weir and the Renmin Canal Weir than those at the upstream, respectively. This result implies that the richness and diversity of the bacterial community may be reduced by weirs at the downstream reaches. The decline in bacterial community diversity downstream of weirs may be due to severe sediment scouring [19]. Nevertheless, these indices were slightly greater at the downstream of the Hongyan Canal Weir than that at the upstream, probably because that the downstream site E1 is far away from the weir (2.2km) and the bacterial communities have recovered along the river. 
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Figure 2. Alpha diversity of bacterial communities. (a) Shannon index and (b) Ace index.
4.4 Bacterial community clustering analysis

Principal component analysis (PCA) showed that the bacterial communities were clustered into four groups. Bacteria at sites A2, C2, and C3 may be considered in one group, E1 and F3 are in a separate group, respectively. The bacteria at the other sites may belong to the same group (Fig. 3). This finding is generally consistent with the constitution of the bacterial community, which showed specific structures of bacterial communities at sites E1 and F3 compared to these at the other samples. The special dominant genera appeared at sites E1 and F3 may be caused by human activities. Site E1 is located directly downstream of the Cheng-Mian Bridge, where bank revetments were under construction. This may have caused higher content of carbon-related factors at site E1. Relatively high abundance of Pseudomonas was observed at E1, presumably due to the high TC and TOC content [20]. Chemical plant sewage has been discharged to the Shiting River near site F3. At site F3, the Shannon index was the lowest with relatively high abundance of norank_o__Chloroplast, probably due to the impact of the inflow of sewage. Previous study revealed that norank_o__Chloroplast is a chlorophyll-a accumulation bacterium, its growth would probably restrain the proliferation of functional denitrifiers leading to a lower denitrification performance [21].  
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Figure 3. Principal component analysis of the epilithic bacterial samples.

5 Conclusions
In this study, we presented the distribution of bacterial communities in epilithic biofilms along the Shiting River and discussed the impact of different anthropogenic activities. The results confirmed that anthropogenic activities impacted the physicochemical parameters and bacterial communities. The construction of bank revetments may increase the concentration of TOC, TIC, and TC in the river flow. Sewage discharge resulted in a sharp increase in the content of nutrient-related indicators, e.g., N-NO3, N-NH4 and TN. We found that the diversity of bacterial communities was lower immediately downstream of weirs than that at the upstream. At sites impacted by sewage, the lowest bacterial richness and diversity were observed probably due to the impact of increased nutrient concentration. 
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