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Abstract

:

Planktonic eukaryotes are widespread in aquatic ecosystems, and the study of their community composition and driving factors is of great significance to protecting and maintaining the balance of these ecosystems. This study evaluates five typical ecological sites in the Danjiangkou Reservoir—the water source for the project. This was done to comprehensively understand the composition of Danjiangkou Reservoir planktonic eukaryotes, and ensure the ecological balance of the water source for the South-to-North Water Diversion Project. The diversity of the planktonic eukaryotes in surface water and the factors driving changes in their abundance are analyzed with an 18S ribosomal DNA sequencing approach. Monitoring shows that the Danjiangkou Reservoir has good water quality. The Danjiangkou Reservoir planktonic eukaryote community is mainly composed of 11 phyla, of which Cryptomonadales is dominant, accounting for an average percentage of 65.19% of the community (47.2–84.90%). LEFSe analysis shows significant differences among samples in the abundances of 13 phyla, 20 classes, 23 orders, 26 families, and 27 genera, and there are also significant differences in the diversity of planktonic eukaryotes at different temporal and spatial scales. Redundancy analysis (RDA) show that water temperature, DO, SD, TN, and Chla are significant factors that affect the composition of the planktonic eukaryote community. Spearman rank correlation analysis combined with taxonomic difference analysis shows that Kathablepharidae and Choanoflagellida are not sensitive to environmental or physicochemical factors and that the interannual variations in their abundance are not significant. Network analysis shows that Protalveolata, Basidiomycota, P1-31, Bicosoecida, and Ochrophyta represent important nodes in the single-factor network, while Chytridiomycota, P1-31, Cryptomycota, Ochrophyta, Ichthyosporea, Bicosoecida, Protalveolata, and physicochemical factors (ORP, TN, WT, DO, SD, NH3-N, and NO3-N) represent important nodes in the two-factor network.
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1. Introduction


Planktonic eukaryotes are important taxa in aquatic communities and perform critical ecological functions [1,2,3,4]. They play a vital role in lake ecosystems as major participants in material and energy cycles [4,5]. Research on the diversity of planktonic eukaryotes is helpful for understanding their distribution characteristics in lakes and their functions in lake ecosystems, which is of great significance for further research on the ecological environment of lakes [6].



At present, planktonic eukaryotes in lakes are mainly observed through microscopes; this method is not only affected by sampling conditions and preservation techniques, but also subject to great variation and disagreements in the identification of these organisms. With the advent and improvement of high-throughput sequencing technology [7], eukaryotic diversity can be evaluated. High-throughput sequencing of specific PCR products, such as eukaryotic 18S rDNA genes, on such platforms, can be used to obtain information on eukaryotic community structure, evolutionary relationships, and correlations between eukaryotic plankton and the environment [8,9,10,11]. Molecular biology has been widely used in studying plankton in water [12,13,14,15,16]. Current research has focused on the communities, distribution, and function of phytoplankton, archaea, plant and animal taxa, and their relationships with water quality [8,17,18,19]. High-throughput sequencing technology enables the efficient and rapid acquisition of specific DNA fragments and provides a more comprehensive picture of the composition of the community than other methods [20]. Its application in water quality monitoring has attracted the attention of an increasing number of researchers [21], who currently use this method to study the composition, distribution characteristics, and factors influencing the microplankton eukaryotic community [19,22]. In the Danjiangkou Reservoir, alterations in water quality and the related structure of the phytoplanktonic eukaryote community seem particularly important for studying temporal and spatial changes in sediment nutrients, heavy metal concentrations, and phytoplanktonic, macroscopic algal, bacterial and fungal taxa [8,23,24,25,26]. Many studies have shown that dissolved oxygen (DO), chlorophyll a (Chla), water temperature (WT), pH, and ammonia nitrogen (NH3-N) may be the main factors affecting planktonic eukaryotes [27,28,29,30]. However, the structural characteristics and driving factors of the planktonic eukaryotic community in the Danjiangkou Reservoir have rarely been studied.



By investigating the structure and composition of the eukaryotic plankton community and the physicochemical conditions in the Danjiangkou Reservoir, the community structure characteristics and driving factors of eukaryotic plankton at various sites and during different periods were clarified to provide a reference for studying these organisms and environmental variables in aquatic ecosystems.




2. Materials and Methods


2.1. Sample Collection and Physicochemical Factor Determination in the Danjiangkou Reservoir


The Danjiangkou Reservoir, located in the upper and middle reaches of the Han River, is located in Danjiangkou city, Hubei Province and Xichuan County, Nanyang city, Henan Province, in China. Its waters span Hubei and Henan provinces. It is also the largest artificial freshwater lake in Asia. Many changes occur in the reservoir each spring: The reservoir capacity declines, the frequency of water exchange decreases, and as temperatures rise, most of the plankton begin to reproduce rapidly. According to the geographical characteristics of the Danjiangkou Reservoir [11], five sampling sites in the Henan area of the reservoir were selected for sampling in May 2017 and May 2018. Kuxin (K) is located in the center of the Danjiangkou Reservoir. Qushou (Q) is located 100 m upstream from the intake of the Mid-line Project of the South-to-North Diversion Project. Heijizui (H) is located at the confluence of the Guan River and Danjiang tributaries. Songgang (S) is located in a reservoir bay where fishing and pleasure boats are docked. Taizishan (T) is located at the junction of the Hubei and Henan provinces in the reservoir. Specific information on these sites is provided in Table 1 and Figure 1. Three sets of samples were simultaneously collected from each sampling site.



According to the methods described in the literature [31], the WT, pH, DO, and oxidation-reduction potential (ORP) at each sampling site were measured with a YSI 6920 sonde (YSI Inc., Yellow Springs, OH, USA), and the water level (Level) was measured according to GPS data in early May 2017 and early May 2018. At the same time, 5 L samples were collected from 0.5 m below the water surface with a stainless steel cylindrical water sampler. The samples were placed in a presterilized container and stored in an icebox for transport to the laboratory. From these samples, 1500 mL subsamples were removed and used to extract planktonic eukaryotic DNA. The remaining portions of the water samples were used to determine other variables, such as the total nitrogen (TN), nitrate nitrogen (NO3-N), NH3-N, total phosphorus (TP), and Chla contents, according to previously described methods.




2.2. Genomic DNA Extraction from Planktonic Eukaryotes


The water subsamples (1500 mL) were filtered with 0.22 µm sterile microporous membranes (Pall Life Sciences, Mumbai, India) for eukaryotic plankton collection. Each sample was used for three replicates. After filtration, the membrane was cut into pieces and placed in a 50 mL sterile centrifuge tube. The total DNA in the sample was extracted with the Omega Water DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The extracted DNA was analyzed with a micro-ultraviolet spectrophotometer (NanoDrop ND-1000, Wilmington, DE, USA) to determine concentration and purity.




2.3. Eukaryotic PCR Amplification and High-Throughput Sequencing


The V4 region of the planktonic eukaryotic 18S rRNA gene was amplified using the general primers SSU0817F (5’-TTAGCATGGAATAATRRAATAGGA-3´) and 1196R (5´-TCTGGACCTGGTGAGTTTCC-3´) to obtain the target DNA sequences from the different samples. PCR was carried out using the TransGen AP221-02: TransStart FastPfu DNA Polymerase, 20 µL reaction system. The reaction conditions for PCR amplification were 95 °C, 3 min, 35× (95 °C, 30 s; 55 °C, 30 s; 72 °C, 45 s); 72 °C, 10 min, and 10 °C until stopped. The PCR amplification system included 5×FastPfu Buffer (4 μL), 2.5 mM dNTPs (2 μL), 5 μM forward primer (0.8 μL), 5 μM reverse primer (0.8 μL), FastPfu Polymerase (0.4 μL), BSA (0.2 μL), and DNA template (10 ng), with ddH2O added to attain a total volume of 20 μL. The PCR amplification products of the different samples were homogenized to a concentration of 10 nmol·L−1 and then mixed in the same volume, and the sequencing was completed by Shanghai Meiji Biomedical Technology Co., Ltd.




2.4. Analysis of Planktonic Eukaryote High-Throughput Data


MiSeq amplification was performed for the 18S V4 region, and the raw data obtained from the sequencing procedure were spliced and quality controlled, and chimeras were removed to obtain optimized sequences. Based on the comparison of the optimized sequences and the Silva 128/18S eukaryota database, OTU clustering was conducted, and an OTU abundance table was constructed for subsequent analysis. QIIME (Quantitative Insights into Microbial Ecology) was used for bioinformatics analysis. In accordance with sequence similarity, the RDP classifier algorithm was used for the taxonomic analysis of OTUs with a similarity level of 97% [32], and the community composition of each sample was evaluated at each classification level. The SILVA database was used to select OTUs with a similarity percentage of 97% to generate a dilution curve. In addition, mothur was used to calculate the Chao1, ACE, Simpson, Shannon, and coverage index values for alpha diversity analysis [33]. STAMP software was used to compare and analyze the differences in the phytoplankton eukaryotic community structure in the different samples (p < 0.05). UPGMA was used for phytoplankton eukaryotic community distribution and cluster analysis. Non-metric multidimensional scaling (NMDS) and correlation analyses were used to assess the community distribution and perform principal component and cluster analysis of the planktonic eukaryotes.




2.5. Analysis of Experimental Data


The analysis of the relationships between planktonic eukaryote community diversity and environmental factors and the one-way ANOVA of environmental factors among the different sampling sites were completed in SPSS 22.0 (p < 0.05). The relevant figures were drawn with Excel and Origin 9.0. Redundancy analysis (RDA) was completed in Canoco5. Network analysis was completed in Cytoscape v3.7.1. (taxonomic abundance ≥ 50, Spearman correlation coefficient > 0.5 and p < 0.05)





3. Results and Analysis


3.1. Analysis of Physicochemical Properties in the Danjiangkou Reservoir


The physicochemical variables were analyzed at five sites (K, Q, S, H, and T) in the Danjiangkou Reservoir in May 2017 and May 2018 according to the “surface water environment quality standard” (GB 3838-2002) (Table S1). It can be seen from Table 2 that the pH ranged between 6 and 9, conforming with the surface water environment quality standard. The DO values at all sites were in accordance with the annual type I surface water standard in 2017. Only the DO at site H corresponded with this standard in 2018, while the DO at the other sites in that year corresponded with the type II surface water standard. In addition, the average DO content in 2017 was higher than that in 2018, and the decrease in DO content in May 2018, shown in Table 1, may be related to the increase in WT during the same period. Except for 17S NH3-N, which met the Class II water standard, the other sampling points met the Class I water quality standard for NH3-N. This is basically consistent with the changing trend of the TN data, indicating that the Danjiangkou Reservoir has slightly high nitrogen nutrient levels. Although China’s national surface water assessment standards do not include a standard for TN, TN still represents a certain degree of ecological risk. Long-term monitoring showed that the water quality of the Danjiangkou Reservoir corresponded overall with the type II drinking water standard, consistent with previous results [34,35].




3.2. Analysis of the Alpha Diversity of Planktonic Eukaryotes


Over the two years of the study, 1,397,938 valid sequences were obtained from 30 samples, with an average length of 399 bp, and the average number of sequences after extraction was 33,508. The rarefaction curves of the different samples are shown (Figure 2F). When the number of sequencing reads reaches 15,000, the rarefaction curves gradually become stable, indicating that the sequencing data volume is adequate, and that the taxa richness is sufficiently high to cover all groups.



The abundance and diversity of the planktonic eukaryotes in the Danjiangkou Reservoir were evaluated, and the results show that community abundance and diversity were highest in different years and at different sampling sites. Figure 2A–E shows that the Shannon, Sobs, and Ace index values at all sampling sites in 2017 were greater than those in 2018, while the values of the Simpson index in 2017 were less than those in 2018, indicating that the community richness of the Danjiangkou Reservoir in 2017 was greater than that in 2018. The community abundance and diversity index values at the different sampling sites showed the order of Q > K, S > H and T in 2017, and K > H > S > Q > T in 2018. This result indicates the spatiotemporal heterogeneity in the planktonic eukaryote community structure (Figure 2A–E).




3.3. Analysis of the Beta Diversity of Planktonic Eukaryotes


The NMDS analysis of the Bray-Curtis distance matrix of all samples (Figure 3) shows that the samples could be divided into two distinct clusters, which can be observed on the left and right sides of the plot. The samples from each site can be clustered together with good similarity. The samples collected from all sites except for T were divided into groups representing 2017 and 2018, indicating that the taxonomic composition in each year was relatively similar. However, there were some differences in taxonomic composition at the various sites between the two years. In 2017, Q, S, H, and K were the most similar, while the community composition at T was slightly less similar to that in the other samples. In 2018, the community composition at Q, H, K, and T was the most similar to that at site S. The similarity in taxonomic composition at site T in the two years was clearly higher than that at the other sites, which may be related to its location. T is located at the junction of Dan Reservoir in Henan Province and Han Reservoir in Hubei Province. A large amount of water flows from Hubei to the Danjiangkou Reservoir in Henan Province, and this stable runoff causes stability in community composition at site T.




3.4. Taxonomic Composition and Analysis of the Differences in Planktonic Eukaryotes


Analysis of the Circos diagram of planktonic eukaryotic community composition at the phylum level (Figure 4) revealed that the planktonic eukaryotic taxa in all the samples consisted of Cryptomonadales, Kathablepharidae, Ciliophora, P1-31, Ascomycota, Chytridiomycota, Basidiomycota, Choanoflagellida, Cryptomycota, unclassified Cryptophyceae and unclassified Eukaryota. The average content of Cryptomonadales in all samples was as high as 65.19%, with the content of this taxon at 17T reaching 84.90%. The content of this taxon was lowest at site 17H but still reached 47.2% of the total, indicating that Cryptomonadales is the dominant taxon in the Danjiangkou Reservoir. The content of Cryptomonadales at a single sampling site in 2018 was significantly higher than that in 2017. The content of Kathablepharidae was the highest at 18S and the lowest at 17T. The interannual change in Kathablepharidae at sites K and Q was not significant, but the content of this taxon showed a significant decrease at H and a significant increase at S. The interannual change in Ciliophora was the largest at H, and the percentage of this taxon in all samples decreased from 18.71% in 2017 to 4.82% in 2018. In addition, its content slightly increased at T and decreased at Q, S, and K. In addition to the increase in the content of Ascomycota and unclassified Eukaryota at some sampling sites in 2018 compared with that in the previous year, the percentages of P1-31, Chytridiomycota, and unclassified Cryptophyceae were significantly lower in 2018 than in 2017.



Linear discriminant analysis (LDA) effect size (LEfSe) can be used to determine the differences in all samples from the phylum to genus levels. LEfSe first uses the non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect the characteristics of significant differences in abundance and finds taxa that exhibit significant differences in abundance. Finally, LEfSe uses LDA to estimate the impact of the abundance of each component (taxon) on the difference. The taxa with LDA values greater than or equal to 3 are shown on the right side of Figure 5. The LDA histogram shows that there are significant differences among planktonic eukaryotes in 13 phyla, 20 classes, 23 orders, 26 families, and 27 genera from samples taken in the Danjiangkou Reservoir in spring. For the samples collected in May 2017, at the genus level, significant differences were observed for Aspergillus at site K, Tintinnidium at site Q, and Plagioselmis at site T. At the phylum level, significant differences were observed for Ciliophora at site H, Basidiomycota, and Chytridiomycota at site K, Choanoflagellida, P1-31, and unclassified Cryptophyceae at site Q, Ochrophyta and MAST-2 at site S, and Cryptomonadales and Cryptomycota at site T. For the May 2018 samples, significant differences were observed at the genus level for Obertrumia and Sporidiobolus at site H, Strombidium and Cryptomonas at site Q, freshwater Choanoflagellates-1 at site S, and Cladosporium and Aureobasidium at site T. At the phylum level, significant differences were observed for Ascomycota at site H, Kathablepharidae at site S, and Basidiomycota and unclassified Eukaryota at site T. Information on the differences for other taxa of planktonic eukaryotes are shown in Figure 5.



To observe the interannual variation in the eukaryotic plankton community structure, the samples from the two years were divided into two groups (DJ17 and DJ18). The Wilcoxon signed-rank test was adopted in this study, and false discovery rate (FDR) multiple-check adjusted p values (p < 0.05) were used to detect differences in richness between the two groups. Hypothesis tests were performed to assess the observed differences, with the organisms arranged in order of abundance from top to bottom at the genus level (Figure 6). Cryptomonas of Cryptomonadales, norank_o_Saccharomycetales of Ascomycota, unclassified_d_Eukaryota of Ascomycota, unclassified_d_Eukaryota of unclassified Eukaryota, and unclassified_o__Saccharomycetales of Ascomycota were significantly higher in abundance than in 2017 (p < 0.05). Among them, the content of Cryptomonas, with the highest abundance in 2018, was still significantly higher than that in 2017 (p < 0.01). The contents of norank_p_Cryptomonadales of Cryptomonadales, norank_f_Choreotrichia of Ciliophora, norank_p_P1-31 of P1-31, unclassified_k_Cryptophyceae of unclassified Cryptophyceae, norank_p_Chytridiomycota of Chytridiomycota, Tintinnidium of Alveolata, and Aspergillus of Ascomycota decreased significantly in 2018. The contents of norank_p_Cryptomonadales of Cryptomonadales, norank_p_P1-31 of P1-31, unclassified_k_Cryptophyceae of unclassified Cryptophyceae and norank_p_Chytridiomycota of Chytridiomycota also decreased significantly (p < 0.01).




3.5. Analysis of Correlations between Planktonic Eukaryotic Taxa and the Environment


The variance inflation factor (VIF) was used to analyze the environmental factors, and the environmental factors with p > 0.05 or VIF > 10 were removed from the subsequent analysis. The factors with relatively low collinearity were retained, and Canoco 5 software was used to perform detrended correspondence analysis (DCA) on the planktonic eukaryotes at the out level. The results showed that the largest eigenvalue of the four axes was 1.513, and the RDA of the linear model was selected for follow-up analysis. The RDA results are shown in Figure 7. The percentages of variance explained by the 1st and 2nd axes were 60.21% and 6.80%, respectively, and WT, DO, Secchi depth (SD), TN, and Chla were found to be significantly related to the first sequence axis (p < 0.05). SD and DO significantly affected all the samples except 17T in 2017, and SD had a higher impact on 17K and 17Q than on other sites. WT, TN, and Chla significantly affect the distribution of samples in 2018; Chla and TN had the most significant influence on the locations of 18K, 18T, and 18Q, and 18T was more sensitive to WT than the other sites.



Spearman correlation analysis can also be used to determine the specific relationships between environmental factors and taxa. As shown in Figure 8, no taxa were significantly correlated with Level. Ascomycota was significantly positively correlated with WT and negatively correlated with DO. Basidiomycota was negatively correlated with DO. Cryptomonadales was significantly positively correlated with WT, TN, NO3-N, and Chla and negatively correlated with ORP and DO. Unclassified Eukaryota was significantly positively correlated with WT, TN, NO3-N, and NH3-N, and negatively correlated with ORP, pH, and DO. Kathablepharidae and Choanoflagellida were significantly negatively correlated with Chla; Chytridiomycota and Cryptomycota were significantly positively correlated with ORP, and DO and significantly negatively correlated with WT, TN, NO3-N, and NH3-N. Ciliophora was significantly positively correlated with DO and ORP and negatively correlated with WT, TN, NO3-N, and Chla. P1-31 was significantly positively correlated with ORP and DO and negatively correlated with WT, TN, NH3-N, NO3-N, and Chla. Unclassified Cryptophyceae was significantly positively correlated with ORP, pH, and DO and negatively correlated with WT, TN, NO3-N, and Chla.



The Spearman correlation analysis showed that the effects of the different environmental factors on the group of taxa of Cryptomonadales, Ascomycota, unclassified Eukaryota, and Ciliophora and on the group of P1-31, Chytridiomycota, and unclassified Cryptophyceae were essentially opposite. With the increase in the abundance of Cryptomonadales in the reservoir, the contents of Ascomycota and unclassified Eukaryota increased, while the abundance of Ciliophora, P1-31, Chytridiomycota, and unclassified Cryptophyceae decreased.




3.6. Network Analysis of Planktonic Eukaryotes


For the 30 samples collected at five sites in the Danjiangkou Reservoir area in two years, single-factor network analysis of the relationships among taxa identified 18 nodes and 42 edges, an average shortest path length of 2.229, and a network diameter of 5 (Figure 9A,B). Two-factor network analysis of the relationships between taxa and environmental factors identified a total of 28 nodes and 86 edges. The average shortest path length was 2.325, and the network diameter was 5 (Figure 9C,D). The circles of different colors represent different taxa, circle size represents the taxonomic abundance, green lines represent negative correlations, red lines represent positive correlations, and line thickness represents the strength of the correlation, with thicker lines indicating stronger correlations.



The results showed that the connectivity between taxa and environmental factors, as well as among taxa was relatively high in the Danjiangkou Reservoir. The nodes in the single-factor network were divided into 18 phyla, and the central coefficient values of all nodes in the network indicated that Protalveolata, Basidiomycota, P1-31, Bicosoecida, and Ochrophyta represented important nodes in the whole network. There were a total of 28 nodes in the two-factor network analysis, among which 19 represented taxa and 10 represented environmental variables. The center coefficient values of all nodes in the network indicated that six taxa (Chytridiomycota, P1-31, Cryptomycota, Ochrophyta, Ichthyosporea, Bicosoecida, and Protalveolata) and seven physicochemical factors (ORP, TN, WT, DO, SD, NH3-N, and NO3-N) represent important nodes in the network.





4. Discussion


4.1. Composition of the Planktonic Eukaryotic Community in the Danjiangkou Reservoir


Microeukaryotes play many roles as primary producers, secondary producers, and decomposers in aquatic ecosystems, influencing the structure of aquatic food webs from the aspects of taxonomic composition, abundance, biomass, and biodiversity [36]. However, studies of the composition, distribution characteristics, and functions of planktonic eukaryotes and their relationship with water quality are relatively few at present [17,18,19]. Compared with the traditional approach of microscopic detection of planktonic eukaryotes, high-throughput sequencing technology has greatly promoted research on plankton diversity, especially micro and ultra-micro plankton [21]. The investigation of phytoplankton diversity with high-throughput sequencing showed that V4 primers are most efficient in identifying micro and ultra-micro phytoplanktonic taxa [37]. The eukaryotic community was composed of Cryptomonadales, Kathablepharidae, Ciliophora, P1-31, Ascomycota, Chytridiomycota, Basidiomycota, Choanoflagellida, Cryptomycota, unclassified Cryptophyceae, and unclassified Eukaryota. Li et al. [38] identified 3 phyla and 17 genera based on the traditional separation culture method, and Kagami et al. [39] detected 3 phyla and 15 genera with polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE). High-throughput sequencing, in contrast, can provide more information on eukaryotic plankton taxa. Gao et al. [9] suggested that DNA sequencing can be used as a promising method for establishing a consistent and accurate long-term ecological monitoring database for drinking water quality, and the research results are better than those of Khomich et al. [40]. The results related to the vesicle-dominated plankton taxa in the lakes south of Scandinavia have been more accurate and have been determined to be technically superior. In an evaluation of the eukaryotic biodiversity of German oligotrophic lakes, the main groups were determined to be Chlorophyta, Cryptophyta, diatoms and Chrysophyta [41]. Cryptomonadales is the dominant taxon of planktonic eukaryotes in the Danjiangkou Reservoir, accounting for 65.19% of the total abundance on average. Cryptophyta mainly includes photoautotrophs [42]. Water at the surface is easily exposed to sunlight, promoting the reproduction and growth of Cryptomonadales. Cryptophyta is the dominant taxon because it contains typical freshwater ultra-micro eukaryotes and has a high abundance in all types of freshwater ecosystems. This differs from the results of a previous study showing that the tributaries of the Danjiangkou Reservoir are dominated by diatoms [43], that the dominant functional groups mainly belong to Chlorophyta and Bacillariophyta, and that the content of Cryptophyta is low. This may be related to the internal differences in the composition of the ultra-micro eukaryotes community in freshwater ecosystems caused by differences in environmental conditions and biogeography [44,45]. Using high-throughput sequencing technology, the community structure information of phytoplankton, zooplankton, and other planktonic eukaryotes can be obtained quickly, accurately, and standardly, and the links among different species in planktonic eukaryotes can be accelerated and integrated. Compared with the study of eukaryotes (such as phytoplankton and zooplankton) alone, it is more beneficial to understand the integrity of plankton community structure in Danjiangkou Reservoir, which provides better technical support for the formulation of a water quality protection policy for the water source area of the middle route of the South-to-North Water Diversion Project.




4.2. Relationships between Eukaryotes and Environmental Factors


The RDA showed that WT, DO, SD, TN, and Chla were the significant factors affecting the community distribution of planktonic eukaryotes in the Danjiangkou Reservoir. Phytoplankton taxa in water bodies are affected by WT, DO, Chla, EC, N, P, organic matter, and other physicochemical parameters [22,46].



Cryptomonadales is the dominant order in the Danjiangkou Reservoir, but its abundance varies greatly among the different sites; its abundance at the 17H sampling site is the lowest. Spearman correlation analysis shows that TN is significantly positively correlated with Cryptomonadales and unclassified Eukaryota, which is consistent with the low TN content at the 17H sampling site. At the same time, the significant differences between groups showed that the abundances of Cryptomonadales and unclassified Eukaryota increase significantly with increasing TN content in the reservoir. Long-term monitoring shows that all the variables in the Danjiangkou Reservoir except TN meet the requirements of class I or II water standards. Exceeding the standard for TN is an important environmental problem in the reservoir area and watershed [8,11,35]. Although the TN content is not included in the national evaluation standards for surface water in China, nitrogen, and phosphorus nutrient sources are the most important cause of lake eutrophication. The nitrogen content in the Danjiangkou Reservoir shows an obvious upward trend and represents a certain degree of ecological risk.



The two-year data show that DO decreases with increasing WT. Generally, the DO concentration can reflect the pollution level of water, especially pollution related to the content of organic compounds, and is an important indicator when measuring water quality [47]. Chytridiomycota, Cryptomycota, Ciliophora, P1-31, and unclassified Cryptophyceae are significantly positively correlated with DO, so these taxa can be used as important biological reference indicators to measure the water quality in the Danjiangkou Reservoir. One study found that WT is the main factor influencing the structure of the bacterial community in the Yangtze River and its sediments [48]. In addition, in the Danjiangkou Reservoir in 2018, WT increased significantly in May, and the abundance of Cryptomonadales, Ascomycota, and unclassified Eukaryota, which were significantly positively correlated with WT, increased significantly; whether at the species level (cells or communities become smaller) or at the community level (the transition to smaller species), the size of freshwater phytoplankton decreases with increasing temperature [49]. The abundance of Cryptomonadales, as the dominant taxon, significantly increased from 2017 to 2018, which was related to the increase in temperature.



Among all sampling points in the Danjiangkou Reservoir, the Chla content was highest at 17T, and the abundance of Cryptomonadales was also the highest according to the taxonomic composition analysis; these results are consistent with the Spearman correlation analysis. Studies on the Weihe River Basin show that the chlorophyll content has the most significant correlation with the presence of organisms and that it is the main driving force for the biological community in the basin [50]. Spearman correlation analysis between taxa and environmental factors showed that Kathablepharidae and Choanoflagellida were significantly negatively correlated only with Chla. These taxa are not sensitive to other environmental or physicochemical factors, and combined with the analysis of significant differences among groups, and it was found that the abundance of these taxa remains stable in the Danjiangkou Reservoir.



Lake microorganisms can be used to monitor and evaluate water pollution because they are sensitive to changes in water quality [46,51,52]. Gaedke et al. [53] found that the community structures of microeukaryotes in different lakes were closely related to the level of freshwater nutrients, and Chen et al. [54] found that the genetic diversity of microplanktonic eukaryotes in different areas of Taihu Lake was significantly correlated with the total phosphorus concentration. There are complex relations between environmental factors and organisms that restrict and promote each other. Understanding the detailed corresponding relations between them is conducive to maintaining and improving the ecosystem balance of the Danjiangkou Reservoir. In recent years, high-throughput sequencing technology has been applied to analyze the composition and structure of planktonic taxa, and its application to the biological monitoring of water quality has attracted increasing attention [20,21] The study of planktonic eukaryotes based on high-throughput sequencing provides a good basis for revealing the composition and function of planktonic eukaryotes in aquatic ecosystems and provides a reference for the use of planktonic eukaryotes as indicators for the evaluation of water quality in freshwater lakes.




4.3. Changes in Planktonic Eukaryotic Community Structure


Based on the NMDS analysis of the planktonic eukaryotes at five sites in the Danjiangkou Reservoir in 2017 and 2018, the samples were roughly divided into two parts according to year. This result indicates that the community composition changed significantly over time, which is essentially consistent with the results of most previous studies [55,56,57]. However, the community structure in the samples from site T was similar in the two years, which may be related to its location. Site T is located at the junction of the Dan Reservoir in Henan Province and the Han Reservoir in Hubei Province. A large amount of water flows from the Hubei to the Henan area of the Danjiangkou Reservoir. This stability in runoff causes stability in the community composition at site T, and the hydraulic retention time may have a significant impact on the lake biochemistry [58,59]. Lindström and Bergström found that bacterial plankton was more similar in lakes with shorter hydraulic retention times [60].



The LDA histogram showed significant differences among samples of 13 phyla, 20 classes, 23 orders, 26 families, and 27 genera of planktonic eukaryotes in the Danjiangkou Reservoir in spring. The RDA showed that DO and SD significantly affected the sample distribution of planktonic eukaryotes in 2017. WT, TN, and Chla were significant factors affecting the community distribution of planktonic eukaryotes in 2018. The results showed that the community structure of planktonic eukaryotes changed significantly with temporal and spatial changes; the temporal changes caused corresponding changes in WT, DO, and other physical and chemical factors in the reservoir area and led to corresponding changes in the community structure and diversity of the planktonic eukaryotes [61]. The change in the central node between the single-factor and two-factor network analysis also illustrates this point. The results indicate that the physicochemical factors significantly affected the composition of the planktonic eukaryote community and the influence of rare plankton diversity (abundance less than 1%) on the community and that the number of rare taxa represented by the network nodes was higher than that represented by high-abundance taxa. This result reveals the key role of rare taxa in the community. The synergistic effect of rare and nonrare taxa may play a central role in maintaining the stability and ecological function of eukaryotic communities [62].



Nutrient retention in lakes; denitrification; nutrient absorption by submerged plants, emergent plants, aquatic plants, and microorganisms; and nutrient deposition and binding in sediments are important regulatory factors affecting nutrient abundance in water [63]. The intensity of nutrient cycling depends on the availability of nutrients (mainly nitrogen and phosphorus) and is strongly related to the oxygen content in the water body [64]. The planktonic eukaryotes were abundant in the two evaluated years, which is related to the high content of nitrogen in the Danjiangkou Reservoir. There are significant temporal and spatial differences in taxonomic composition and abundance (i.e., from phylum to genus) between the two years. There are significant seasonal and annual differences in eukaryotic plankton community structure in the eastern North Pacific Ocean [65] and significant differences in eukaryotic microbial community structure associated with the Zhoushan, Qingdao, and Xiamen coastal waters [66]; the similarity of eukaryotic microbial communities in different sites in Yellowstone Park in the United States is low [67]. The results show that the structure of the planktonic eukaryote community is sensitive to changes in the living environment, and such temporal and spatial differences are universal among ecosystems.



The environmental factors TN, WT, Chla, and DO significantly promoted the abundance of Cryptomonadales. Cryptomonadales abundance significantly increased in 2018 with the increase in physical and chemical factors. The overall abundance of Kathablepharidae did not change significantly, but its abundance was highest at 18S, which was significantly higher than that at 17S. At 18H, its abundance was significantly lower than that at 17H (the lowest observed abundance of Kathablepharidae); this change was significantly affected by Chla. Moreover, the increased TN, NH3-N, and WT contents resulted in Ciliophora exhibiting the most significant interannual change. One study found that Ciliophora are mainly considered to be predators of bacteria [68], and Actinobacteria, Proteobacteria, and Bacteroidetes were the most abundant bacterial taxa at site H [69]. Furthermore, Ciliophora exhibits plastid retention and engages in symbiosis with algae and Cryptophyta [42,70,71], indicating that Ciliophora is not only related to environmental factors, but is also affected by biological factors.



The abundances of Ascomycota and unclassified Eukaryota in 2018 were higher than those in the previous year, and the abundances of P1-31, Chytridiomycota, and unclassified Cryptophyceae in 2018 were significantly lower than those at the same time in 2017. Although the planktonic eukaryotes could be roughly divided into two groups according to year, the community structures at different sites in the same year exhibited significant differences. Some of the physicochemical factors at the different sites changed significantly between years (Table 2). Different environmental conditions can lead to variations in water characteristics and then to spatial differences in the distribution of the main groups of ultramicroplanktonic eukaryotes; this may be the reason for the changes in community structure at the five sites between 2017 and 2018 according to the alpha diversity analysis results in this study. The community composition of planktonic eukaryotes in the Danjiangkou Reservoir changes significantly over time and space. Due to the sensitivity of plankton eukaryotes to environmental factors, the significance of the temporal and spatial changes of the plankton eukaryotic community composition in Danjiangkou Reservoir is determined. Therefore, rapid, accurate, and standardized access to community structure composition information and long-term monitoring is beneficial to providing a basis for understanding the evolution of planktonic eukaryotes in the reservoir.





5. Conclusions


Research shows that the water quality of the Danjiangkou Reservoir is generally good, in accordance with the class II drinking water standard, while the TN content is still high. By using high-throughput sequencing technology to study the planktonic eukaryotic community in the Danjiangkou Reservoir, it was found that the community has a high degree of abundance and diversity, it is mainly composed of 11 phyla, of which Cryptomonadales was dominant, and the spatial and interannual changes in community structure were significant. RDA showed that WT, DO, SD, TN, and Chla were significant factors affecting the composition of the plankton eukaryotic community (p < 0.05). Cryptomonadales, the dominant taxon of planktonic eukaryotes, was positively correlated with changes in the abundances of Ascomycota and unclassified Eukaryota, and negatively correlated with changes in the abundances of Ciliophora, P1-31, Chytridiomycota, and unclassified Cryptophyceae. Furthermore, the rare taxa (abundance less than 1%) significantly affected the community structure, which was mainly influenced by physicochemical factors (WT, DO, ORP, TN, NO3- N, NH3-N, and Chla) and the interactions among organisms. Although it is possible to analyze the relationships among phytoplankton, fungi, zooplankton, and physicochemical factors, as well as certain relationships among different planktonic eukaryotic taxa, there are still many complex and unknown factors worth exploring.
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Figure 1. Map of the locations of the sampling sites in the Danjiangkou Reservoir. 
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Figure 2. Alpha diversity assessment (A–E): Sobs (A) is the observed OTU number, the Shannon (B) and Simpson (C) indexes were used to represent community diversity, and the ACE (D) and Chao (E) indexes and rarefaction curves (F) were used to represent community taxa richness. 
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Figure 3. NMDS analysis of planktonic eukaryote community diversity. 
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Figure 4. Samples correspond to the relative abundance of planktonic eukaryote sequences at the phylum level. In the Circos diagram, the small semicircle on the left represents the phylum composition of the sample, the color of the outer band represents the sampling site, the color of the inner band represents the phylum, and the length represents the relative abundance of the phylum in the corresponding sample. The large semicircle on the right represents the proportional distribution of each phyla in the different samples, the outer band represents the phyla, the inner band represents the different sites, and the length represents the proportional distribution of the sequences of each phylum that were from each sample. 
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Figure 5. LEfSe multistage discriminant analysis of taxonomic differences. In the figure on the left, the circular diagram represents the classification level, from phylum to genus, from the inside to the outside. The nodes in different colors represent the microbial groups that are enriched significantly in the corresponding group and have a significant influence on the difference between the groups. The light yellow nodes represent the microbial groups that are not significantly different among different groups or have no significant influence on the difference between groups. The LDA histogram shows the number of microbial groups that have significant effects in multiple groups. The LDA scores were obtained through LDA. The larger the LDA score is, the greater the impact of the abundance of that taxon on the observed difference. 
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Figure 6. Analysis of significant differences between groups. (* indicates significant correlation at the 0.05 level; ** indicates significant correlation at the 0.01 level; *** indicates significant correlation at the 0.001 level). 
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Figure 7. RDA ordination biplot of planktonic eukaryote taxa and environmental factors. The RDA table for the environmental factors is shown in the lower right of the figure. 
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Figure 8. Heatmap of Spearman correlation coefficients between planktonic eukaryotic taxa and environmental factors (* indicates significant correlation at the 0.05 level; ** indicates significant correlation at the 0.01 level; *** indicates significant correlation at the 0.001 level). 
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Figure 9. Single- and two-factor network analysis of planktonic eukaryotes. Note: Single-factor network analysis (A) and network center coefficient distribution diagram (B); two-factor network analysis (C) and network center coefficient distribution diagram (D). Taxa with p < 0.05 are shown by default. The size of the nodes in the figure indicates the abundance of taxa, and different colors indicate different taxa. The color of the line indicates the type of correlation; red indicates a positive correlation, and green indicates a negative correlation. The thickness of the line indicates the size of the correlation coefficient; the thicker the line is, the higher the correlation between taxa. The more lines there are, the closer the connection between the nodes is. 
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Table 1. Sample number and distribution information.






Table 1. Sample number and distribution information.





	Sample
	Abbreviation
	2017

Abbreviation
	2018

Abbreviation
	Latitude
	Longitude





	Kuxin
	K
	17K
	18K
	32°45′06″ N
	111°34′45″ E



	Qushou
	Q
	17Q
	18Q
	32°40′03″ N
	111°37′47″ E



	Songgang
	S
	17S
	18S
	32°46′06″ N
	111°36′40″ E



	Heijizui
	H
	17H
	18H
	32°48′37″ N
	111°33′17″ E



	Taizishan
	T
	17T
	18T
	32°40′42″ N
	111°32′01″ E
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Table 2. Physical and chemical properties in the Danjiangkou Reservoir.






Table 2. Physical and chemical properties in the Danjiangkou Reservoir.





	Sample
	Level

/m
	WT

/°C
	pH
	DO

/mg·L−1
	ORP

/mv
	TP

/mg·L−1
	TN

/mg·L−1
	NO3-N

/mg·L−1
	NH3-N

/mg·L−1
	Chla

/mg·m3
	Water Quality Classification





	17Q
	156.00 ± 1.00
	16.90 ± 0.10 b
	8.45 ± 0.01 c
	9.79 ± 0.02 i
	335.00 ± 1.00 f
	0.02 ± 0.01 d
	0.90 ± 0.02 b
	0.70 ± 0.01 c
	0.05 ± 0.00 d
	0.60 ± 0.01 de
	Class II



	17K
	156.33 ± 1.15
	16.53 ± 0.15 a
	8.49 ± 0.01 c
	8.70 ± 0.10 g
	346.00 ± 1.00 h
	0.01 ± 0.00 a
	0.95 ± 0.03 c
	0.76 ± 0.04 d
	0.03 ± 0.00 b
	0.50 ± 0.01 c
	Class I



	17S
	156.00 ± 1.00
	16.65 ± 0.01 a
	8.64 ± 0.01 d
	8.50 ± 0.10 f
	340.00 ± 1.00 g
	0.02 ± 0.01 d
	1.01 ± 0.01 d
	0.51 ± 0.03 a
	0.15 ± 0.01 h
	0.42 ± 0.01 b
	Class II



	17H
	156.00 ± 1.00
	16.66 ± 0.02 a
	8.20 ± 0.10 a
	9.63 ± 0.01 h
	335.00 ± 1.00 f
	0.01 ± 0.01 ab
	0.78 ± 0.03 a
	0.66 ± 0.02 b
	0.02 ± 0.00 a
	0.56 ± 0.01 d
	Class I



	17T
	156.00 ± 1.00
	17.20 ± 0.10 c
	8.44 ± 0.01 bc
	8.80 ± 0.10 g
	302.00 ± 1.00 e
	0.02 ± 0.01 d
	1.21 ± 0.01 f
	1.08 ± 0.00 h
	0.07 ± 0.01 e
	1.28 ± 0.01 h
	Class II



	18Q
	155.00 ± 1.00
	18.00 ± 0.10 d
	8.40 ± 0.10 bc
	5.40 ± 0.10 c
	267.00 ± 1.00 a
	0.01 ± 0.00 bc
	1.59 ± 0.00 h
	1.35 ± 0.00 i
	0.07 ± 0.00 e
	1.15 ± 0.01 g
	Class II



	18K
	156.00 ± 1.00
	22.20 ± 0.10 h
	8.40 ± 0.10 bc
	5.20 ± 0.10 b
	266.00 ± 1.00 a
	0.01 ± 0.00 abc
	1.58 ± 0.01 h
	0.98 ± 0.00 f
	0.10 ± 0.00 g
	0.35 ± 0.01 a
	Class II



	18S
	156.00 ± 1.00
	21.60 ± 0.10 g
	8.40 ± 0.10 bc
	5.80 ± 0.10 d
	278.00 ± 1.00 c
	0.01 ± 0.00 abc
	1.46 ± 0.00 g
	1.10 ± 0.00 h
	0.04 ± 0.00 c
	0.86 ± 0.01 f
	Class II



	18H
	156.00 ± 1.00
	20.00 ± 0.06 f
	8.30 ± 0.06 ab
	7.90 ± 0.10 e
	271.00 ± 0.58 b
	0.02 ± 0.00 cd
	1.17 ± 0.00 f
	1.04 ± 0.00 g
	0.09 ± 0.00 f
	0.62 ± 0.01 e
	Class II



	18T
	156.00 ± 1.00
	18.20 ± 0.10 e
	8.20 ± 0.10 a
	4.50 ± 0.10 a
	281.00 ± 1.00 d
	0.01 ± 0.00 abc
	1.09 ± 0.00 e
	0.95 ± 0.00 e
	0.09 ± 0.01 fg
	1.20 ± 0.10 g
	Class II







Note: Physicochemical properties at five sites (mean ± standard deviation for the different sampling sites).
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