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Freshwater lakes as an essential component of the ecosystem, provide ecological resources in addition to economic source for humans. Under recent climate change scenario, preserving the biodiversity of freshwater ecosystems is crucial. This study aimed to characterize the diversity of zooplankton communities in Dianchi Lake, located in Kunming Municipality, Yunnan Province, China, using Illumina high-throughput sequencing of the cytochrome oxidase subunit 1 (COI) gene marker. A total of 18 water samples were collected including 16 from the outer sea area of Dianchi Lake: 4 from the east (E1-4), 4 from the west (W1-4), 4 from the south (S1-4), and 4 from the north (N1-4), and: 2 from the Caohai area (C1-2) as research sites. All environmental parameters including pH, ammonium (NH4+), total nitrogen (TN), total phosphorus (TP), chlorophyll a content (CHLA) were found to be insignificant (p > 0.05), except for chemical oxygen demand (COD) and transparency (T), which were found to be significant (p < 0.05). Alpha diversity indices including ACE, Chao1, Shannon, and Simpson showed non-significant differences (p > 0.05), indicating no variation in the richness of zooplankton communities at different locations of Dianchi Lake. However, principal coordinate analysis (PCoA) showed that most of the samples from East, West, and South groups were close to each other, showing more similarities among them, while Caohai and North group samples were distant from each other, showing more differences with other groups. Rotifera, Arthropoda, and Chordata were the top three phyla, while Keratella, Macrothrix, and Brachionus were the dominant genera. Mantel test analysis showed that COD and transparency were important environmental factors that shaped the Rotifera community structure of Dianchi Lake. In conclusion, this study provides insights on conserving the diversity of zooplankton communities in Dianchi Lake, especially by controlling COD and maintaining water transparency, in order to preserve its ecological resources and economic significance.
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Introduction

Freshwater lakes as an indispensable part of the ecosystem, provide ecological resources in addition to economic support for social civilization (Wang J.-H. et al., 2020). In the 21st century, it is crucial to preserve the biodiversity of freshwater ecosystems. The most threatened ecosystems are freshwater ecosystems, which have the highest concentration of species of any ecosystem on the planet (Dudgeon et al., 2006; Vaughn, 2010). These ecosystems are vulnerable to anthropogenic activities such as urbanization, industrialization, eutrophication, climate change, and the influx of non-native species, which have contributed to a long-term decline in biodiversity (Vörösmarty et al., 2010; Ding et al., 2015). In recent years, the biodiversity of these ecosystems has declined more dramatically than that of marine or terrestrial ecosystems (Zhao et al., 2021). Therefore, regular monitoring of freshwater ecosystems is a top priority to conserve their biodiversity. However, a thorough understanding of biodiversity is of paramount importance to protect these ecosystems.

Dianchi Lake is located in southwestern China (24°23′-26°22′N, 102°10′-103°40′E) adjacent to Kunming City, Yunnan Province, with an area of about 300 km2 and a depth of 4.7 m. It was considered as one of the most important reservoirs for supplying domestic water to 6.8 million residents (Wang et al., 2012; Wang Y. et al., 2018). Over the past 30 years, the lake had been increasingly polluted due to the rapid population growth in the area, the decrease in the biomass of aquatic plants and benthic animals, the increase in the biomass of phytoplankton, and the effects of discharging huge amounts of municipal and industrial wastewater into the water body (Wang et al., 2010; Li et al., 2014; He et al., 2021). A great deal of effort, including labor, material, and financial resources, has been devoted to cleaning up pollution in Dianchi Lake. The focus has shifted from conservative water quality improvement to overall ecosystem function as water quality has improved significantly (He et al., 2021).

In lake and river ecosystems, plankton diversity has been frequently used as aquatic bioindicator and considered as a crucial monitoring metric in management programs (Mimouni et al., 2015; Pineda et al., 2019). Moreover, zooplankton communities undergo seasonal and spatial variations in response to abiotic variables such as variations in water temperature and biological factors, thereby displaying distinct seasonal and spatial change patterns (Walkusz et al., 2009; Abe et al., 2020). Detecting patterns of species diversity of marine zooplankton is crucial as they are key characteristics of marine ecosystems that determine their function, sustainability, and responses to environmental variability and anthropogenic events, including climate change (Sherman et al., 2002; Friedland et al., 2020).

The traditional taxonomic approaches based on morphological features used to characterize zooplankton communities are insufficient and laborious for substantial biodiversity research, despite the fact that zooplankton possesses significant biological and economic impact in freshwater ecosystems (Deiner et al., 2015; Trebitz et al., 2017; Lee et al., 2018). With the advancements in molecular techniques, advanced metagenomics and environmental DNA (eDNA) metabarcoding have been emerged as a fast and precise approaches for studying the plankton diversity in aquatic ecosystems (He et al., 2021). This is achieved by detecting eDNA that is released into the environment from aquatic animals and plants (Fabrin et al., 2020; Jo et al., 2020). The analysis of the biological community and its relative abundance using eDNA metabarcoding technology, which combines high-throughput sequencing (HTS) with DNA sequences from various environmental samples, is widely employed in freshwater ecosystem’s protection (Lv et al., 2023). The eDNA metabarcoding approach offers comprehensive depiction about zooplankton biodiversity and help to conserve biodiversity (Xiong et al., 2020). In addition, it has been successfully employed to monitor seasonal changes in the zooplankton population (Mwagona et al., 2018; Berry et al., 2019), and also provides systematic support for investigating the aquatic environmental factors affecting zooplankton diversity (Yang et al., 2017). The COI marker has been widely used for genotyping zooplankton species due to its effectiveness in species detection and identification (Bucklin et al., 2021, 2022). Several studies have demonstrated the suitability of COI markers for zooplankton DNA metabarcoding and the advantages of using a dual COI marker for marine zooplankton (Schroeder et al., 2021). The widespread use of COI for species identification is the availability of taxonomically complete COI reference databases for marine zooplankton, as it can effectively detect at least major species (Porter and Hajibabaei, 2018; Zhao et al., 2021).

In the present study, the Illumina HTS of COI gene was performed to analyze the diversity and community structure of zooplanktons in the Dianchi Lake water and their relationship with environmental factors was investigated.



Materials and methods


Sampling sites and data collection

Dianchi Lake (24° 40′-25°02′N, 102°36′-102°47′E) is located in downstream of the main urban area of Kunming City, Yunnan Province. The lake is approximately 40 km long from north to south, with an average east-west width of about 7 km. The lake covers an area of 298.4 km2. The sea ridge in the northern part of the lake divides Dianchi Lake into two parts: Caohai and Outer Sea. Based on the previous research on the distribution of submerged plants in Dianchi Lake, a total of 18 sampling points were selected, 16 from the outer sea area of Dianchi Lake, including 4 in the east (E1-4), 4 in the west (W1-4), 4 in the south (S1-4), and 4 in the north (N1-4), and 2 from the Caohai area (C1-2) as the research points. A completely randomized design (CRD) was used with five treatments viz. one treatment from the Caohai area (C): C1 and C2; and four treatments for the Outer Sea area including the northern part of Dianchi Lake (N): N1, N2, N3, and N4; southern part of Dianchi Lake (S): S1, S2, S3, and S4; east part of Dianchi Lake (E): E1, E2, E3, and E4; and west part of Dianchi Lake (W): W1, W2, W3, and W4. A total of 30 L of water samples were collected from the upper, middle, and lower layers of each location. After thorough mixing, water samples (5 L) were taken, filtered, and concentrated to 100 ml using No. 25 planktonic net. Then these samples were loaded into sampling bottles and brought to the laboratory. Then samples were passed through a 0.45 μm filter membrane, placed in a storage tube, and stored at −80°C.



Determination of water characteristics of Dianchi Lake

The environmental parameters of the collected water samples were determined according to the “Water and Wastewater Monitoring and Analysis Method” (4th edition) (State Environmental Protection Administration, 2002). Briefly, the pH of the water samples was determined using the pH meter; NH4+ concentration was measured through spectrophotometer; the total nitrogen (TN) concentration was determined using alkaline potassium persulfate oxidation ultraviolet spectrophotometry; total phosphorus (TP) was determined by ammonium molybdate spectrophotometry; the DO was measured using the standard iodometric method; the chemical oxygen demand (COD) was determined by the potassium dichromate method. The concentration of chlorophyll a content (CHLA) was determined using ethanol and spectrophotometry. Transparency was measured using a transparency disc.



Genomic DNA extraction and library preparation

The genomic DNA was extracted using the E.Z.N.A.™ Water DNA kit (OMEGA Bio-Tek Inc., Doraville, GA, USA) from 18 water filter membrane samples. DNA integrity was detected by 1% agarose gel, and the concentration of DNA samples was measured by Qubit (Thermo Fisher Scientific, USA). Using the extracted genomic DNA as a template, the mitochondrial cytochrome oxidase subunit 1 (COI) gene was amplified as a barcode for zooplankton DNA. The primers mlCOIintF (5′-GGWACWGGWTGAACWGTWTAYCCYCC-3′) (Leray et al., 2013) and jgHCO2198 (5′-TAIACYTCIGGRTGICCRAARAAYCA-3′) (Geller et al., 2013) were used to amplify the target fragments with a length of about 313 kb. The PCR reaction conditions used included: 94°C, 3 min → (94°C, 30 s → 45°C, 20 s → 65°C, 30 s) 5 → (94°C, 20 s → 55°C, 20 s → 72°C, 30 s) 20 → 72°C, 5 min → 10°C, ∞. PCR products were detected by 1% agarose gel electrophoresis and then recycled by cutting the gel and subjecting it to Tris_HCl elution and 2% agarose electrophoresis using an AxyPrepDNA gel extraction kit (Axygen Biosciences, USA). Following purification, an amplicon library was formed using a standardized process for qualified PCR products, and a MiSeq Reagent Kit v2 (500 cycle) was used to conduct HTS on the Illumina MiSeq platform (Allwegene, China).



Bioinformatics analysis

Trimmomatic with a 50 bp window size was used for the initial quality control step (Bolger et al., 2014). Bases having a Phred quality score of less than 20 were trimmed. Cutadapt was used to delete the primer sequence (Martin, 2011). FLASH (Magoč and Salzberg, 2011) was used to combine the raw paired-end reads, requiring a minimum overlap sequence length of at least 10 bp and a maximum permitted mismatch ratio of 0.1. Chimeric sequences were identified and eliminated using UCHIME (Edgar et al., 2011). The UPARSE process (Edgar, 2013) was used for OTU clustering using a 97% similarity cut-off. The OTU annotation was carried out against the BOLD reference (COI) database (Ratnasingham and Hebert, 2007). The OTU was given a higher taxonomic rank if a species attribution was not possible. All bacteria, fungi, and Viridiplantae were eliminated from the OTU annotation tables in order to concentrate solely on zooplankton in this study. Statistical analyses were performed by using the “vegan” package in R v.3.6.3 (Oksanen et al., 2019). Zooplankton communities’ saturation was analyzed using rarefaction and rank abundance curves. Venn diagram was used to display the number of various taxa that could be retrieved using COI markers at various taxonomic levels. Beta diversity analysis principal coordinate analysis (PCoA) and alpha diversity analyses (OTUs, ACE, Shannon, Simpson, and Chao1) were carried out using the Qiime software (Version 1.9.1), and the outcomes were further analyzed with R software (Version 2.15.3). An analysis of similarity (ANOSIM) was also used for further evaluation based on Bray–Curtis dissimilarity index. According to the characteristics of the measured water environmental factor data, the relationship between the variables was analyzed using Spearman’s correlation analysis with Bonferroni’s correction to account for multiple testing. To investigate the water environmental factors that drive seasonal changes in the zooplankton community, the OTU data matrix was associated to the water environmental factor matrix by using the partial Mantel test.




Results


Water quality parameters of Dianchi Lake

The quality parameters of Dianchi Lake water samples collected from different locations were measured and are listed in Table 1. All parameters were found non-significant (p > 0.05) difference among different locations except for COD and transparency which significantly (p < 0.05) differed. The highest COD concentration (39.00 ± 10.0 mg/L) was observed at the Caohai location, whereas the lowest concentration (12.25 ± 1.25 mg/L) was at the North point of the Outer Sea part. The highest value (65.50 ± 1.19 cm) for T was observed at the South point of the Outer Sea part, whereas the lowest value (29.5 ± 4.50 cm) was observed at the Caohai part of Dianchi Lake.


TABLE 1 Dianchi Lake water environmental parameters at different locations.
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OTUs annotation and alpha diversity analysis

We performed metabarcoding of a total of 18 samples, 4 from each of the East, West, South, and North points of the Outer Sea part of Dianchi Lake and 2 from the Caohai part of Dianchi Lake using the COI marker gene targeting the zooplankton communities. All five groups (East, West, North, South, and Caohai) shared a total of 98 OTUs among themselves, while 168, 270, 431, 99, and 140 unique OTUs were found among them, respectively (Figure 1). The rarefaction and rank abundance curves of 18 zooplankton samples stabilized with sequencing depth (Figures 2A, B). This indicated that most of the sampling locations were successfully sampled and that the data were likely saturated.
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FIGURE 1
Venn diagram showing the unique and common OTUs among five group samples (East, West, North, South, and Caohai) of zooplankton communities of Dianchi Lake.
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FIGURE 2
(A) Rarefaction and (B) rank abundance curves of five group samples (East, West, North, South, and Caohai) of zooplankton communities of Dianchi Lake.


The alpha diversity analysis of the zooplankton communities of Dianchi Lake at different locations was performed using the alpha diversity indices OTUs, ACE, Chao1, Shannon, and Simpson (Table 2). All the diversity indices showed non-significant (p > 0.05) differences, indicating no variation in the diversity of zooplankton communities at different locations of Dianchi Lake. However, values of OTUs, ACE, and Chao1 showed the highest diversity of zooplankton communities at the northern point of the outer sea part and the lowest at the southern point of the outer sea part. Whereas, Shannon and Simpson’s indices showed the highest diversity of zooplankton communities at the East and South points of the outer sea part, respectively, and the lowest at the South and East points, respectively.


TABLE 2 Alpha diversity indices of zooplanktons of Dianchi Lake water samples at different locations.
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Relative abundance of zooplankton communities of Dianchi Lake

The relative abundance of zooplankton communities of Dianchi Lake at different locations was analyzed at the phylum and genus level using the COI marker gene (Figures 3A, B). At the phylum level, mainly Rotifera, Arthropoda, Chordata, Annelida, and Nematoda communities were observed (Figure 3A). Among these phyla, Rotifera, Arthropoda, and Chordata were the top three phyla. The relative abundance of Rotifera was highest (74.1%) at the southern point of the Outer Sea part and lowest (13.4%) at the West point of the Outer Sea part. The relative abundance of Arthropoda was highest (15.2%) at the East point of the Outer Sea part and lowest (5%) at the South point of the Outer Sea part. Phylum Chordata communities were highly abundant (3%) at Caohai part of Dianchi Lake and the lowest (0.2%) at the southern point of the outer sea part. Keratella, Macrothrix, and Brachionus were the top three genera (Figure 3B). The relative abundance of Keratella was highest at the southern point (50%) of the Outer Sea part and lowest (4%) at the western point of the Outer Sea part. However, relative abundance of Macrothrix was highest (13%) at the eastern point of the Outer Sea part and lowest (6%) at the western point of the Outer Sea part. Communities belonging to the genus Brachionus were highly abundant (16%) at the southern point of the Outer Sea part and lowest (1%) at the northern point of the Outer Sea part.
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FIGURE 3
Relative abundance of five group samples (East, West, North, South, and Caohai) of zooplankton communities of Dianchi Lake at (A) phylum and (B) genus level.




Beta diversity analysis

Principal coordinate analysis was performed to find the similarities and differences of zooplankton communities between and within the five group samples (East, West, North, South, and Caohai) of Dianchi Lake (Figure 4). The PCoA1 revealed a 20.23% of total variance, while PCoA2 revealed a 14.35% of total variance. Most of the East, West, and South group samples were close to each other showing more similarities among them, whereas Caohai and North group samples were distant apart showing more differences with other groups. Further, the ANOSIM showed the groups wise comparisons based on Bray–Curtis dissimilarity index (Table 3). The results revealed N vs. E, and E vs. W had significant (p > 0.05) differences between them, whereas S vs. W had more differences within the group (R = −0.02) compared to other groups.
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FIGURE 4
Principal coordinate analysis (PCoA) showing the similarities and differences between and within five group samples (East, West, North, South, and Caohai) of zooplankton communities of Dianchi Lake.



TABLE 3 Analysis of similarity results between five group samples (East, West, North, South, and Caohai) of zooplankton communities of Dianchi Lake.
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Environmental factors correlation

The partial (geographic distance-corrected) Mantel’s test was conducted to associate the DNA metabarcoding datasets with the distance matrix of water quality parameters based on Euclidian distances in order to better understand the environmental factors that influence fluctuations in zooplankton diversity. The findings demonstrated that the primary water quality parameters including COD and transparency significantly (p < 0.05) affected the Rotifera communities of Dianchi Lake (Figure 5). Further, a high positive Pearson’s correlation was observed among NH4+, TN, TP, COD, and CHLA parameters.
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FIGURE 5
Pearson’s correlation between the top three observed phyla of zooplankton communities and water quality parameters of Dianchi Lake.





Discussion

Zooplankton are an essential component of both marine and freshwater ecosystems, comprising some of the most abundant and diverse populations of organisms found in aquatic environments (Djurhuus et al., 2018; Xiong et al., 2019). Ecology and conservation biology continue to place a strong emphasis on understanding zooplankton diversity (Carugati et al., 2015). These studies are particularly important for aquatic ecosystems because of the complex biotic interactions and environmental drivers of their ecological processes (Steinberg and Landry, 2017; Cicala et al., 2022). Zooplankton are extremely vulnerable to environmental changes due to their small size and low ability to self-dispersal (Yang and Zhang, 2020). As a result, they are useful bioindicators for determining the health of marine ecosystems. The geographic and temporal abundance and taxonomic composition of zooplankton communities are strongly influenced by both environmental changes and biological processes (Cicala et al., 2022). These changes can negatively affect zooplankton biodiversity, which could have an impact on ecosystem services that could have economic implications (Everaert et al., 2018). In the present study, all observed environmental parameters were found to be insignificant except COD and water transparency, which differed significantly between the Outer Sea (east, west, north, and south) and Caohai parts of Dianchi Lake. COD is an important indicator of water pollution levels and can be used to assess water quality for use by living organisms (Qiong et al., 2009). A previous study showed that variations in COD can significantly alter zooplankton diversity (Zhao et al., 2021). The highest COD was observed in the Caohai part of Dianchi Lake, with the lowest transparency values, indicating more water pollution than the other locations. Dianchi Lake receives water from 29 streams. Previously, Caohai (3% of the total area) had more significant pollution problems as it received the highest pollutant load from industry and agriculture (Li et al., 2007). More recently, Caohai’s contribution to the pollution load was mainly due to the large-scale urban development taking place there (Wang et al., 2022). Many polluting facilities in the Caohai area have been closed down, the industrial layout and structure have been optimized, and the industrial pollution sources have been monitored in an effort to reduce the high pollution rates in the area. As a result, the percentage of point source pollution load has been reduced (Wang et al., 2022).

Metabarcoding of zooplankton communities of water samples from Dianchi Lake from the Outer Sea part (east, west, north, and south) and Caohai part was performed using the COI gene marker. The alpha diversity indices (OTUs, Ace, Chao1, Shannon, and Simpson) were found to be insignificant, indicating no significant variation in the richness of zooplankton communities at all sites. The highest OTUs were observed at the North site, which could be related to the low COD levels indicating low pollution, resulting in higher richness of zooplankton communities as described previously (Zhao et al., 2021). Furthermore, the beta diversity analysis PCoA showed that the Caohai part and the North point of the Outer Sea part were separated from each other, showing the significant differences of zooplankton communities with other location samples. Previous studies suggested that the spatial variations in zooplankton communities could be attributed to environmental variations (Feng et al., 2020; Wang W. et al., 2020). Our study was also consistent with these studies, as the Caohai part had the highest COD and the North Point had the lowest COD, so these locations had significant differences in zooplankton communities and were separated from other groups. Furthermore, taxonomic assignment showed that the three most abundant phyla were Rotifera, Arthropoda, and Chordata, and their relative abundance varied among groups. A 50-year regime shift in Dianchi Lake from 1957 to 2007 revealed that the biomass of Rotifera increased more than 20-fold from 1957 to 1982, which was very high compared to other groups (Wang J. et al., 2018). Due to their small size and short life cycle, rotifers exhibit increased levels of both richness and relative abundance. In addition, they exhibit resistance to a variety of environmental factors, making Rotifers the dominant species in the reservoir habitat (Nogueira, 2001). Arthropods play a crucial role in maintaining the health of ecosystems by acting as both herbivores and carnivores, consuming autotrophs, heterotrophs, and particulate organic matter, and are very sensitive to environmental changes (Fenoglio et al., 2020). In our study, the relative abundance of arthropods did not vary significantly among the different locations and was lowest at the southern point of the Outer Sea part. The phylum Keratella, Macrothrix, and Brachionus were the top three genera. Keratella and Brachionus belong to the phylum Rotifera, while Macrothrix belongs to the phylum Arthropoda. Keratella is cosmopolitan and is an indicator of the trophic state of water bodies (Haberman and Haldna, 2014). Brachionus spp. especially Brachionus plicatilis is a useful model to determine the impact of toxicity on aquatic ecosystems (Kostopoulou et al., 2012). It is preferred for these studies due to its widespread distribution, ease of culture, suitable size, rapid reproduction, and complex life cycle. Macrothrix spp. efficiently regulates phytoplankton biomass, mainly consuming chlorophytes and filamentous and colonial cyanobacteria, and could be used for biomanipulation in tropical eutrophic aquatic habitats (Amorim et al., 2019). Furthermore, the top three phyla Rotifera, Arthropoda, and Chordata were analyzed for correlation with environmental factors. The Mantel test revealed that Rotifera communities were driven by COD and transparency parameters, and positive correlation. However, the previous study investigated the negative correlation between COD and Rotifers (Sarang and Manoj, 2021). The difference in the correlation between COD and Rotifera phylum in our study compared to previous research may be attributed to differences in sampling methods, environmental conditions, and Rotifera species composition. Our findings revealed that zooplankton communities in Dianchi Lake were affected by environmental factors, especially COD and water transparency. The three most prevalent phyla were Rotifera, Arthropoda, and Chordata, with Keratella, Brachionus, and Macrothrix being notable taxa. In conclusion, zooplankton are vital components of aquatic ecosystems, and their diversity is crucial for ecological understanding and conservation efforts.



Conclusion

Our study concluded that the COI gene marker sequencing provided the substantial information on zooplankton diversity of Dianchi Lake. The Caohai part had lowest diversity, highest COD and lowest transparency values indicating more pollution compared to other sampling sites. Further, the environmental parameters COD and transparency had great influence on zooplankton diversity especially Rotifera community. This study underscores the importance of preserving the biodiversity of Dianchi Lake’s zooplankton communities, particularly by controlling COD and maintaining water transparency to sustain its ecological resources and economic significance. However, further studies involving high throughput metagenomic sequencing are warranted to detect species within all taxonomic groups of zooplankton and elucidate the individual role of zooplankton species in aquatic ecosystems which is essentially required for ecosystem monitoring of zooplankton diversity.
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