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Editorial on the Research Topic
 Microbial diversity and ecosystem functioning in fragmented rivers worldwide




Rivers are the cradle of human society. The water resource system is essential for human reproduction and development as a complex social, economic, and ecological system. Building dams and reservoirs has a significant effect in regulating freshwater resources in a watershed, providing various functions and ecosystem services such as irrigation, hydropower generation, flood control, water supply, aquaculture, navigation, and tourism to serve the economic development of human society. Dam construction and reservoir formation are probably the most significant anthropogenic footprints on water cycling and river ecosystems.

Since the 1960s, some viewpoints have suggested that the negative effects of dam construction on river ecosystems outweigh their positive effects, leading to irreversible loss of species and ecosystem functions in many cases. Dam construction and impoundment change rivers from “lotic systems” to “lentic systems,” leading to different hydrological characteristics in the river-reservoir region, and changing the element cycling and the riverine aquatic ecosystem. Microbial diversity, co-occurrence network interaction, and community assembly are crucial indicators driving the ecosystem functionality and process. Planktonic microorganisms in the river ecosystem fundamentally and significantly regulate and maintain the ecological structure and functioning.

This Research Topic “Microbial diversity and ecosystem functioning in fragmented rivers worldwide,” which includes 15 original research articles, mainly focuses on microbial diversity, microbial community assembly mechanisms, functional genes, and microbial interaction in damming rivers and reservoirs worldwide. The research objectives include phytoplankton, planktonic bacteria, eukaryotic microorganisms, archaea, functional microorganisms such as methanogens, etc. In addition, macroinvertebrates as the important indicators of ecosystem functionality are also considered in our Research Topic. The study area and habitats include large rivers, reservoirs, lakes, small streams, and riparian zones. The research techniques include but are not limited to microbial community structure and function, network interaction, community assembly process, microbial traceability, microbial carbon metabolism, and ecosystem function. Planktonic microorganisms are classified as free-living and particle-attached in the aquatic systems according to their living habitats. One article studied free-living and particle-attached bacterial communities in the Wujiangdu river reservoir of the Yungui Plateau, China. The free-living and particle-attached bacteria showed distinct communities and diversity characteristics of bacterial fractions. This result indicates that the suspended particles in river-reservoir systems are important carriers and living environments for the planktonic microorganisms. Another research article from Yu et al. also made research on particle-attached and free-living bacteria in a reservoir. In addition to analyzing the microbial network interaction and community assembly of these two bacterial fractions, the microbial functional assemblages, especially for the putative genetic capacity of nitrogen and carbon cycling function, were annotated using FAPROTAX_1.1. The effect of damming rivers on ecosystem function is a controversial topic. Researchers from Tianjin University proposed a function-to-taxa ratio (F:R) to estimate the stability based on functional redundancy theory, and results indicate that river damming in the Pearl River Basin enhances the ecological functional stability of planktonic microorganisms. In addition, archaea were indicated to contribute more carbon function and play a predominant ecological process in sediment. In addition to macroinvertebrates, there are strong longitudinal gradient differentiations of Daphnia galeata populations in southern China reservoirs, and the deterministic process of environmental selection was the main community assembly process. Rivers are fragmented by different barriers. Here, Xing et al. conducted a study in different habitats of Liangtan River, Chongqing, China. Results indicate different barrier heights and habitats may lead to different greenhouse gas emissions processes at the water-air interface. Microbial community assembly processes and co-occurrence network analyses were important to measure the ecological processes of the community and are usually estimated by a null model. Another study conducted in Taihu Lake indicated that rare denitrifying anaerobic methane-oxidizing bacteria (DAMO bacteria) communities were mainly shaped by deterministic processes. Agricultural fertilizer was identified as the main primary contamination source through microbial source tracking technology, indicating a new precise method for pollutant sourcing compared with traditional chemical methods. The mid-channel bar was easily impacted by the hydrological runoff. Co-occurrence network hubs of the rhizosphere fungal communities in the mid-channel bar of the Yangtze River are the key species linking other species in the communities. The microbial community assembly processes were distinct between the soil and river ecosystems. The rhizosphere fungal community assembly in the mid-channel bar of the Yangtze River was mainly shaped by stochastic processes. Like the mid-channel bar, the riparian zones were important transitional areas between aquatic and terrestrial ecosystems, and microbial activity may be disturbed by water level fluctuations. Microbial carbon efficiency (CUE) can reflect the soil carbon storage capacity, and this study described microbial carbon use efficiency and microbial biomass carbon patterns in the Three Gorges Reservoir. This study can give a potential prediction of carbon cycling and microbial carbon pump mechanism in aquatic-terrestrial ecotones.

The research results collected in this Research Topic are not comprehensive. In summary, this Research Topic collected diverse results about the microbiome in different habitats such as large rivers, reservoirs, lakes, small streams, and riparian zones. These collected manuscripts in this Research Topic provided some directions for the study of microbiomes in the river-reservoir ecosystem. Nevertheless, a comprehensive study of microbial ecology in river ecosystems is still needed due to the complexity and variability of the water ecosystem. Hence, future research should focus on microbial processes mechanisms, such as the immunity, stability, and resilience of aquatic ecosystems under changing hydrological environments. It is also very important to develop adaptive river management strategies to promote the healthy and sustainable development of river ecosystems. In addition, from the perspective of global river damming, the impact of different dams in different climatic regions on water ecology is needed. New perspectives are also needed to provide a deep understanding of the ecological effects of river fragmentation.
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Revealing the composition of free-living (FL) and particle-attached (PA) bacterial communities could provide insights into their distinct roles in biogeochemical processes and algal bloom dynamics. While there is still a lack of research about the difference and interactions between FL and PA communities, especially on the Yungui plateau with underestimated diversity. This study unveiled the structure of both FL and PA bacterial communities in a canyon reservoir (Wujiangdu) on the Yungui Plateau, southern China. Water samples were collected from surface water at nine sites in the reservoir. FL and PA bacterial community structures were identified by high-throughput 16S rRNA gene sequencing. We compared the structure and diversity of FL and PA bacteria and investigated their relationship with environmental factors. Results showed that there were different structures between FL and PA bacterial communities, and the dominant FL and PA phyla were affected by different environmental variables. Moreover, diversity of PA bacteria was greater than that of FL bacteria. Both groups exhibited distance decay patterns in this reservoir with varying correlations with geographic distances. FL fraction, however, exhibited a stronger correlation with environmental factors than the PA counterpart. Both FL and PA communities were phylogenetic clustering than expected according to the mean nearest taxon distance. This study provides fundamental information on FL and PA bacteria distribution and demonstrates how specific environmental factors affected these two bacterial fractions in canyon river reservoirs.

KEYWORDS
 river reservoir, aquatic bacteria diversity, community composition, network features, environmental drivers


Introduction

Bacteria act as sentinels of environmental changes due to their sensitivity to trophic status and anthropogenic pollution (Harnisz, 2013; Savio et al., 2015). Based on their lifestyle, there are two bacterial fractions, i.e., free-living (FL), with a size range between 0.22 and 5 μm (Grossart, 2010; Crespo et al., 2013), and particle-attached (PA) larger than 5 μm. FL refers to bacteria floating freely in the water column, while the PA fraction comprises bacteria attached to organic particles and living organisms. FL and PA bacteria have different ecological roles with distinct dispersal potentials and adaptive strategies. Several studies revealed that there were significant phylogenetic differences between FL and PA fractions, whereby some bacteria can rapidly exchange between the size fractions (Bizic-Ionescu et al., 2015; Tang et al., 2015). However, whether PA is distinct from FL remains uncertain owing to the complex lifestyle of aquatic bacteria. It has been demonstrated that PA bacteria could also survive freely in the water column and subsequently colonize new particles. This implies that PA bacteria, sometimes, contribute to the FL bacterial community (Crespo et al., 2013). Studies suggested that these two groups differed in structure in the open sea, but are similar in rivers and turbid estuaries (Ortega-Retuerta et al., 2013). Tang et al. (2015, 2017) has suggested high connectivity between the FL and PA fractions. Therefore, unveiling the difference and interactions between FL and PA bacteria could help us understand their functions in biogeochemical processes in aquatic ecosystems.

Bacterial research on river reservoirs on Yungui-Plateau is scarce, particularly the roles of FL and PA fractions. Plateau lakes are relatively isolated and sensitive to anthropogenic activities, and the microbial diversity in these habitats is underestimated. Only a few studies reported the bacterial community structure in the Yungui-Plateau region, and they rarely separated the FL and PA fractions. Zhang et al. (2020) investigated the relationship between phytoplankton and bacterioplankton in Dianchi Lake, which was mainly dominated by Proteobacteria and Bacteroidetes. Wu et al. (2019) studied the vertical profile of the sediment bacterial community in Lake Lugu and suggested that chemical variables were the main drivers of dominant phyla. Recently, Yue et al. (2021) investigated the vertical distribution of the bacterial community in the Wujiangdu reservoir and emphasized the role of stratification on the vertical pattern of bacterial community structure. It was observed that Proteobacteria, Actinobacteria, and Bacteroidetes were the predominant phyla in the water column, with decreasing abundance from surface to bottom. Wujiang River is the largest southern tributary of the Yangtze River and also the largest river in Guizhou Province. Wujiangdu reservoir was the first major dam established in the middle and upper reaches of the Wujiang River. Due to the karstic characteristics of the catchment area, the water is rich in carbonates from weathering. Yet, the influence of such environmental conditions o microbial composition, diversity, and activities remain unknown. Frequent cascade dams along the Wujiang River potentially affect the overall microbial community via alteration of hydrological features. A recent study found that bacteria prefer an FL lifestyle in nutrient-rich water (Dang and Lovell, 2016). Thus, research on aquatic microbial communities should be placed in the context of the relationship between FL and PA bacterial communities. The differences between these two groups are critical to reveal the elemental recycling and metabolic pathways in aquatic ecosystems. Until now, the community structure and function of FL vs. PA bacteria, in such plateau reservoirs remain poorly understood. Information about bacterial distribution, assembly, diversity, and functioning in this reservoir could help to better understand the mechanisms underlying microbial food web and phytoplankton dynamics in these man-made freshwater ecosystems.

We sequenced the 16S rRNA marker gene of surface water samples collected from 9 locations to simultaneously investigate the FL and PA bacterial community structure in this understudied canyon river reservoir. In particular, we aimed to describe the structure of both FL and PA bacterial community structures and unveil the environmental factors controlling these two fractions. We hypothesized that (1) FL and PA fractions differ in structure and diversity; and (2) FL and PA bacteria were affected by different environmental factors, implying their distinct assembly mechanisms in this riverine ecosystem. This study could pave the way for further research on microbial communities in the Wujiangdu reservoir.



Materials and methods


Location information, field sampling, and water chemical analysis

Wujiangdu Reservoir, built in 1979, is located in the lower basin of the Wujiang river, and at the conjunction of Xifeng town and Zunyi city, Guizhou Province. It has a watershed of 2.78 × 103 km2, a mean depth of 154 M, and a volume of 23 × 108 M3. The average water residence time is 53 days. This reservoir has a history of cage aquaculture activities since 1999.

On August 19th, 2021, field sampling was conducted at 9 locations (HS, YL, KC, JK, DQ, TL, XT, XF, and PY) along the river in Wujiangdu Reservoir (Figure 1, map created using ArcGis 10.8). These locations were chosen due to their position at the confluence of small rivers and the main river. At each location, water temperature, Dissolved Oxygen (DO), pH, and Conductivity (Cond) were measured on-site via a portable YSI probe (HANNA HI98194). Secchi depth (SD) was measured by a Secchi disk at each station. Surface water (0.5 m) samples were taken using a 5 l Schindler sampler and then transported back to the lab in a dark container. 1 L of water was used for water chemical analysis, and an additional 1 L was filled in a sterile PE bottle which was kept at site temperature for transport to the lab. For bacterial DNA, 400 ml water was filtrated with 5.0 μm polycarbonate filters (PA fraction), and then filtered through 0.22 μm filters (FL fraction). All filters were stored at −80°C for further analyses.

[image: Figure 1]

FIGURE 1
 Sampling locations of Wujiangdu Reservoir along the Wujiang River.


Total phosphorus (TP), phosphate (PO43−), total nitrogen (TN), nitrate (NO3−), nitrite (NO2−), silicate (SiO2), and Chlorophyll a (Chl a) were measured according to standard methods (A.P.H.A, 2012). Based on these measurements, the trophic status index (TSI) was calculated according to the equations below (Carlson, 1991; An and Park, 2003). It indicates a different trophic status by values as oligotrophic (<40), mesotrophic (40 to 50), eutrophic (50 to 70), and hypereutrophic (>70).

TSISD = 60–14.42 ln (SD).

TSITN = 54.45 + 14.43 ln (TN).

TSITP = 14.42 ln (TP) + 4.15.

TSICHL = 9.81ln (CHL) + 30.6.



Bacterial sequencing and statistical analyses

Genomic DNA was extracted using the MagaBio Soil and Feces Genomic DNA Purification Kit (Bori Technology, China) according to the manufacturer’s instructions. V4-V5 region of the 16S rRNA gene was amplified using the primer 515F (5’-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer 907R (5’-CCGTCAATTCMTTRAGTTT-3′). Amplification was undertaken via PCR in triplicates by BioRad S1000 (Bio-Rad laboratory, CA). No negative controls were assessed from DNA extraction to sequencing. PCR reactions, containing 25 μl 2x Premix Taq, 1 μl each primer, and 50 ng DNA in a volume of 50 μl were amplified by thermocycling: 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 10 min final elongation at 72°C. Then triplicates/sample of PCR products were combined with the length and concentration detected by 1% agarose gel electrophoresis. PCR products were mixed in equi-density ratios according to the GeneTools Analysis Software (Version4.03.05.0, SynGene). Based on the NEBNext Ultra™ DNA library Prep kit for Illumina standard protocol, a library was established before sequencing on an Illumina Nova 6,000 platform and 250 bp paired-end reads were generated. Pair-end raw reads filtering was performed according to fastp (an ultra-fast all-in-one FASTQ preprocessor, version 0.14.1). Sequences were assigned to each sample based on their unique barcode and primer, after which the barcodes and primers were removed and got the pair-end clean reads. Then raw tags were constructed using usearch-fastq_mergepairs (V10) based on the relationship of the overlap between the pair-end reads with the minimum overlap length of 16 bp, and the maximum allowable error overlap region of 5 bp. Quality filtering on the spliced sequences was performed using fastp to obtain effective clean tags. Then16S rRNA gene sequences were analyzed by Usearch software (V8.0.1517), and sequences with ≥97% similarity were assigned to the same OTU. Representative sequences for each OTU were screened for further annotation. The singleton OTU, generally regarded as obtained from sequencing errors, or chimeras was removed using usearch after the OTU cluster. The chimer sequences were detected and removed using the UCHIME de nova algorithm. Raw reads are stored in the NCBI short read archive with the accession: PRJNA858177. For each representative sequence, the GreenGene database was used based on the RDP classifier algorithm and the assign_taxonomy.py script in Qiime to annotate taxonomic information. OTU and its tags, which are annotated as chloroplasts or mitochondria were removed. Then OTU taxonomy synthesis information table and number of effective tags were obtained. OTU abundance data was rarefied using a standard sequence number corresponding to the sample with the least sequences. Subsequent analyses of alpha diversity and beta diversity were all performed based on this rarefied data. The rank abundance curve of FL and PA was plotted in Supplementary Figure S1.

The OTUs present in at least 7 samples of FL and PA groups, separately, were selected to construct the network using the molecular ecological network analysis (MENA) pipeline. Relative abundance of OTUs was used for Pearson correlation coefficients. The Random Matrix Theory was applied to determine the transition point of the nearest-neighbor spacing distribution of eigenvalues from Gaussian to Poisson distribution. The transition point was regarded as the threshold for network construction. FL and PA group networks were constructed based on the threshold of 0.95. The topological roles of each OTUs can be identified by Zi and Pi values. Zi refers to the connectivity of node i within modules, whereas Pi is the connectivity of node i among nodules (Guimera and Amaral, 2005). According to Pi and Zi values, the nodes could be classified into four categories: (1) peripherals (Zi ≤ 2.5, Pi ≤0.62); (2) connectors (Zi ≤ 2.5, Pi >0.62); (3) Module hubs (Zi > 2.5, Pi ≤0.62); (4) network hubs (Zi > 2.5, Pi >0.62; Zhou et al., 2011).

Diversity indices were calculated in R, including OTU Chao1, Abundance-based coverage estimator (ACE), and Simpson index. Chao1 and ACE are used to estimate richness. Simpson indexes are mostly influenced by evenness, taking into account both richness and abundance. The bigger the value, the lower the diversity. In addition, β-diversity was calculated using Bray–Curtis dissimilarity. Phylogenetic diversity (PD) was measured to estimate phylogenetic relatedness in the community. Analysis of variance (ANOVA) tests were used to test for significant differences in the relative abundance of dominant taxa and diversity between FL and PA fractions. Permutational multivariate analysis of variance (PerMANOVA) was used to test whether there was a significant difference in community composition between groups (FL vs. PA; Anderson, 2008). The distance decay pattern was tested using Mantel tests, which calculate geographic distance based on sampling coordinates, and environmental parameters using Euclidean distance. Redundancy analysis (RDA) was used to summarize the relationship between bacterial community and measured environmental factors. PerMANOVA, PERMDISP, and RDA were performed using the ‘vegan’ package in R (Oksanen et al., 2020). The mean nearest taxon distance (MNTD) evaluated the mean distance separating each taxon in the community from its closest relative. The standardized effect size of MNTD (ses.MNTS) describes the difference between phylogenetic distances in the observed communities versus null communities generated with randomization. MNTD and ses.MNTD were calculated to assess whether FL and PA communities were phylogenetic evenness or clustering using the ‘picante’ package (Kembel et al., 2010).




Results


Water physio-chemical parameters

Water transparency, indicated by SD, ranged from 2.0 to 3.9 M. TN concentration ranged from 2.38 mg/l to 3.25 mg/l, and TP from 0.015 mg/l to 0.019 mg/l. NO3− was the major component of dissolved nitrogen, ranging from 1.78 mg/l to 2.54 mg/l, followed by NO2− (0.009 mg/l-0.030 mg/l) and NH4+ (0.009 mg/l-0.030 mg/l). The concentrations of TN, TP, PO43−, NO3−, Chl a, and TSS could be seen in Supplementary Figure S2. Trophic Status Index (TSI) was calculated according to the equation mentioned above (Table 1).



TABLE 1 Summary of Trophic Status Index (TSI) in Wujiangdu reservoir.
[image: Table1]



FL and PA bacterial communities in surface water

In total, 772,264 and 764,333 clean reads were obtained after trimming and quality control for FL and PA samples, respectively. The number of sequences produced from FL and PA samples was 591,496 and 465,514, respectively. 1,349 OTUs were shared by FL and PA fractions, with 489 unique OTUs in FL and 917 unique OTUs in PA (Figure 2A). The detected bacterial OTUs belonged to 37 phyla and 72 classes. These shared OTUs are distributed into 10 major phyla with varying relative abundance in FL and PA (Figure 2B). Dominant phyla in FL include Actinobacteria and Proteobacteria, while dominant phyla in PA were Planctomycetes and Proteobacteria (Figure 2C).

[image: Figure 2]

FIGURE 2
 Venn diagram at OTU level in FL and PA (A), and the distribution of shared OTUs at phylum level in both groups (B), and relative abundance of main phyla in FL and PA (C) in Wujiangdu reservoir.


At the class level, Actinobacteria and Acidimicrobiia accounted for 46.5% of total abundance in FL. Planctomycetes predominated (42.4%) in PA, followed by α-Proteobacteria (17.8%) and ϒ-Proteobacteria (11.6%). ANOVA tests showed significant differences in the relative abundance of Actinobacteria and Planctomycetes between FL and PA. On order level, Frankiales (31.7%) and Microtrichales (13.5%; Actinobacteria) were dominant in FL, whereas Pirellulales (Planctomycetes) predominated (38.8%) in PA. At the family level, the dominant groups in the FL fraction were Sporichthyaceae, Illumatobacteraceae (Actinobacteria), and Burkholderiaceae (Proteobacteria). Whereas Pirellulaceae (Planctomycetes) dominated the PA bacterial communities.

From the perspective of community composition, perMANOVA suggested that there were significant differences between FL and PA bacterial communities at OTU, genus, and phylum levels (p = 0.001). Simultaneously, PERMDISP tests showed insignificant homogeneity of variances of FL and PA (p = 0.22). SIMPER analysis showed that significantly different phyla between FL and PA fractions were Actinobacteria and Planctomycetes (p = 0.001). Indicator species analysis on phylum level suggested that Spirochates was the indicator taxa in FL whereas Thaumarchaeota was indicative in PA (p < 0.01).

There were 244 nodes with 685 links in the FL network, while 223 nodes and 473 links were observed in the PA network. PA network had stronger modularity than the FL network (0.749 > 0.675). The topological roles of the OTUs identified in FL and PA were shown in Figure 3, with the details about module hubs and connectors shown in Table 2. Most of the OTUs (99.0% for FL and 97.1%) for PA were peripherals, which possess most of their links inside their modules. Among the peripheral OTUs, 71.7 and 86.8% in FL and PA networks, respectively, had no links at all with other modules (Pi = 0). One module hub and two connectors were detected in the FL network. While two module hubs with six connectors were present in the PA network. However, no network hubs were observed in either network. The topological features of the FL and PA network indicated different roles of individual roles in the network interactions.

[image: Figure 3]

FIGURE 3
 Z-P plot showing the distribution of OTUs based on their topological features in FL and PA bacterial communities.




TABLE 2 Module hubs and connectors in the Network analysis of FL and PA groups.
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Bacterial community diversity

The OTU richness, Chao1, and ACE were greater in PA than that in FL (Figures 4A–C). The greater the Chao1 or ACE indices, the higher the expected species richness of the community. Simpson indices, however, were lower in PA than that in FL (Figure 4D). BC dissimilarity and PD were greater in PA than in FL, indicating higher diversity in PA than in FL bacteria (Figures 4E,F). Significant differences were detected between FL and PA bacterial communities on OTU richness, Chao1, ACE indexes, BC dissimilarity, and PD (p < 0.01). In addition, MNTD and ses.MNDT were computed for FL and PA bacterial communities. Both values were lower in FL than in PA (Figure 5).

[image: Figure 4]

FIGURE 4
 Boxplot of α-diversity indexes (A. OTU richness; B. Chao1; C. ACE; D. Simpson), β-diversity (Bray–Curtis dissimilarity) (E), and phylogenetic diversity (PD) (F) of FL and PA bacterial community.
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FIGURE 5
 MNTD (A) and the standardized -effect size of MNTD (ses.MNTD); (B) of the FL and PA bacterial communities.




Relationship between environment and bacterial community structure

Mantel tests showed that there were significant effects of geographic distance and environmental factors on FL bacterial community (env: r = 0.46, p = 0.01; geo: r = 0.69, p = 0.001). On the other hand, only weak significant effects of environmental factors were detected on PA bacterial community (env: r = 0.45, p = 0.02), but significant effects of geographic distance were observed on PA fraction (geo: r = 0.82, p = 0.001; Figure 6). In addition, the results showed that geographic distance exhibited stronger correlations with PA bacterial communities than FL, as indicated by the higher r values.

[image: Figure 6]

FIGURE 6
 Relationship between geographic distance, environmental distance and Bray–curtis dissimilarity of FL (A,B) and PA (C,D) bacterial communities in Wujiangdu Reservoir.


RDA was performed to reveal the relationship between environmental variables and FL vs. PA bacterial communities at the phylum level. FL and PA exhibited dissimilar structures as indicated by a certain extent of the distance between these two groups on the plot. FL fraction showed positive correlations with TDN, TDP, and TSS, whereas PA fraction was associated with SD, TN, TP, pH, and Chl a (Figure 7).

[image: Figure 7]

FIGURE 7
 RDA plots of FL and PA bacterial community in Wujiangdu reservoir.





Discussion

Based on TSITN values, the Wujiangdu reservoir was eutrophic, with a maximum value above the eutrophic threshold. Whereas it was mesotrophic based on TSISD, TSITP, and TSICHL with maximum values close to the threshold of eutrophic. There has been a long history of fish cage culture in this reservoir (since 1999) and the application of plant fertilizer in the catchment area, both of which contributed to the increasing trend of eutrophication. Based on water chemical variables, there was high spatial heterogeneity in the reservoir. This might be attributed to the multiple influents of tributaries, which were affected by varying anthropogenic pollution, such as agricultural activities, fertilizer plants, and fishing.

This study was the first report concerning the FL and PA bacterial structure in the Wujiangdu reservoir. The predominant bacterial groups in this reservoir were Proteobacteria and Actinobacteria. This observation is consistent with one study from this reservoir, which did not separate FL and PA (Yue et al., 2021). Other studies on plateau lakes also reported the predominant role of Proteobacteria and Actinobacteria in the water column (Wu et al., 2019; Zhang et al., 2020). Both groups constitute frequent and highly abundant bacterial members in eutrophic lakes (Trusova and Gladyshev, 2002). Burkholderiaceae (Proteobacteria) are aerobic chemoorganotrophs (Coenye and Vandamme, 2003). Sporichthyaceae, members of Frankiales, are less dependent on high carbon and nutrient concentrations due to their facultative aerobic lifestyle (Garcia et al., 2013). In addition to their light-driven metabolism, this group also possesses nitrogen fixation capabilities and can utilize cyanobacterial biomass as an energy source. Such physiological features provide them great advantages in variable aquatic environments (Garcia et al., 2013; Normand and Fernandez, 2020). The most abundant genus of Sporichthyaceae was the hgcI_clade, also known as acI cluster, which constitutes the main bacterial group in many freshwater ecosystems (Warnecke et al., 2005).

The significant indicator phylum in the FL fraction was Actinobacteria, whereas in the PA fraction was Planctomycetes. Actinobacteria are highly resistant to protistan grazing due to their reduced cell size and cell wall type, leading to their prevalence in freshwater ecosystems (Newton et al., 2011). Moreover, Actinobacteria, known to be able to accumulate phosphorus (P) as polyphosphate within the cell (Seviour et al., 2003), has advantages in a P-depleted environment. Compared with Actinobacteria, Planctomycetes, known as particle-degraders, were abundant in PA fraction. This was due primarily to their preference for particulate organic matter. The potential role of Planctomycetes in nitrogen and carbon biogeochemical cycles has been reported, including their presence in activated sludge with anaerobic metabolism (Chouari et al., 2003). Studies noticed their changes during or after phytoplankton or cyanobacterial blooms (Pizzetti et al., 2011). Their co-occurrence with cyanobacteria in our observation might be the clue for the ensuing cyanobacterial blooms. FL and PA bacteria were associated with various environmental factors, with FL mainly relevant to dissolved nutrients, such as TDN, and TDP, whereas PA bacteria were primarily related to particles in the water column.

Both module hubs and connectors play important and different roles in the ecological network. According to their definitions, the extinction of a module hub may result in disassembling of its module, with less or no effects on other modules. The disappearance of a connector, however, may lead to the disassembling of the entire network into isolated modules, but without effects on the inner structure (Olesen et al., 2007). Our results indicated the distinct roles of individual nodes within the community interactions. Bacteroidetes were observed in both module hubs and connectors. They played an important role as a module hub in the FL network, whereas they were present as connectors in the PA network. Module hubs in PA bacterial community ensured that species within a module were linked tightly, as showed by the stronger modularity in the PA group than in the FL counterparts. More connectors in the PA network also provided evidence of different network structures between FL and PA fractions.

Both α-diversity and β-diversity were higher in the PA than the FL fraction, suggesting that PA communities were more diverse than FL bacteria. Earlier, it has been proposed that the similarity between FL and PA bacterial communities depended on the contents of organic matter in aquatic ecosystems (Hu et al., 2020). Studies suggested that trophic status was associated with the complexity and composition of FL and PA bacteria in mesotrophic vs. eutrophic lakes (Parveen et al., 2011; Tang et al., 2015). The generally higher diversity of PA than FL bacteria results from differences in available organic carbon on particles vs. the water column. PA bacteria, attached to phytoplankton or suspended particles in the water column, are parts of the phyco- or detritosphere. The phycosphere constitutes highly specific micro-habitats, selecting for species with specific metabolic capabilities such as high enzymatic activities. The generally higher heterogeneity of particles in comparison to dissolved organic matter determines the observed greater diversity of the PA bacterial community.

The bacterial community structure in Wujiangdu Reservoir exhibited pronounced spatial heterogeneities along sampling locations, as evidenced by Mantel tests. Compared to the FL fraction, the PA community composition exhibited a greater extent of heterogeneity. According to the metacommunity theory, bacteria with strong dispersal capacity should be able to thrive at every location. Stochastic processes, however, could also involve the community assembly. Thus, the observed spatial heterogeneity can be seen as the results of various species sorting mechanisms plus stochastic processes. The negative values of ses.MNTD indicated phylogenetically clustered communities than expected for both FL and PA bacteria, which suggested that both fractions were affected by environmental filtering. The smaller ses.MNTD in FL fraction implies that environmental filtering was stronger than PA. The presence and absence of one taxon depend on the specific environmental conditions acting as a filter for the best-adapted taxon. This implies that the observed differences in community structure between sampling stations were mainly affected by the local environmental conditions, including physical, chemical, and biological conditions, such as hydrodynamics and nutrient status, but also food web characteristics. This is consistent with the famous tenet ‘everything is everywhere but the environment selects’ (Bass-Becking, 1934).



Conclusion

The reservoir shows the potential of increasingly eutrophied due to the manifold anthropogenic activities, such as industry, tourism, and farming. Based on bacterial lifestyle, FL and PA fractions exhibited distinct differences in community structure, diversity, and gene functions. FL bacteria were mainly affected by the dissolved nutrients. Whereas PA was associated with the particles in the water column. This study adds to our knowledge of the diversity and functionality of FL vs. PA bacterial communities in reservoirs under high anthropogenic pressure.
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Microbial diversity, together with carbon function, plays a key role in driving the wetland carbon cycle; however, the composition, driving factors of carbon-functional genes and the relationship with microbial community have not been well characterized in coastal wetlands. To understand these concerns, microbes, carbon-functional genes, and related environmental factors were investigated in twenty wetlands along China’s coast. The results indicate that carbon-functional gene composition is dominated by archaeal rather than bacterial community and that Nanoarchaeaeota is the dominant archaeal phylum associated with carbon cycling in anoxic sediments. Compared with microbes, carbon-functional composition was more stable because they showed the highest Shannon diversity and archaeal functional redundancy. Deterministic processes dominated microbial community, and stochastic processes were more important for carbon-functional genes. Labile Fe governed archaeal and carbon-functional composition by coupling with nitrogen and carbon biogeochemical cycles, while bacterial community was affected by NH4-N and SOC/SON. This study highlights the predominant contributions of archaea to carbon-functional genes and to the stability of carbon-functional composition, thus providing new insights into the microbial dominance of the carbon cycle and the evaluation of carbon function in coastal wetlands.
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Introduction

Soil/sediment carbon (C) has a vital role in regulating climate, nutrient cycling and biodiversity and provides ecosystem services that are essential to human well-being (Victoria et al., 2012; LaRowe et al., 2020). Carbon processes (e.g., carbon fixation and mineralization) are mainly driven by microorganisms, which release enzymes encoded by corresponding carbon-functional genes (Chen and Sinsabaugh, 2021). A comprehensive investigation of the composition, diversity, and abundance of microbial taxonomy and carbon-functional genes is essential in understanding microbially mediated carbon biogeochemical processes.

Microbes, as hosts of functional genes and ecosystem components, have historically been seen as engines driving Earth’s biogeochemical cycles (Falkowski et al., 2008). Carbon-functional genes have been deemed direct participants in carbon cycling because of their strong relationships with the activities of their corresponding carbon-metabolic enzymes (Trivedi et al., 2016). However, the relationship between microbial community and microbial function is not well understood. Most previous studies focused on microbial taxa composition and functional prediction (Qiu et al., 2021), assembly mechanisms (Zhou and Ning, 2017), and the effects of microbial taxa diversity on ecosystem multifunctionality (Wagg et al., 2014; Delgado-Baquerizo et al., 2017). Only a few studies have highlighted that the prediction of element-cycling processes can be improved more by functional gene abundance than by relying on microbial diversity (Graham et al., 2016). The lack of knowledge about carbon-functional genes dominated by microbes creates an obstacle to directly predicting and assessing of the carbon cycling in ecosystem, even in targeted microbial culture and function studies. Therefore, establishing the links between microbial community and function and revealing the dominant microbes of functional genes are of great significance for understanding the carbon-cycling processes of ecosystems.

The functional genes carried by microbes theoretically vary with microbial composition and abundance, but functional redundancy usually makes functional composition more stable than does microbial community in the same habitat (Chen et al., 2022). Microbial community assembly was discerned by niche theory and neutral theory (Zhang et al., 2022), which have found that the relative importance of deterministic factors (abiotic and biotic factors) and stochastic processes (birth, death, speciation, limited dispersal and immigration) depends on regional and local environmental conditions (Zhou and Ning, 2017; Wang B. L. et al., 2021). To the best of our knowledge, the assembly process of carbon-functional structure is largely unknown, but a functional gene matrix can form a special microbiome involved in the element cycle and has been regarded as a community based on function rather than on taxonomic groups (Dong et al., 2021; Zhou et al., 2021). Microbes have great diversity and incredible numbers, and this once created significant challenges for establishing direct links between microbes and function and identifying the redundant complexity. However, with the development of high-throughput sequencing technology, we can get information about microbial composition and diversity with 16S rRNA sequencing (Mughini-Gras et al., 2021). Carbon-functional genes can be obtained with a high-throughput quantitative-PCR-based chip (HT-qPCR QMEC) (Zheng et al., 2018). Thus, taking carbon-functional genes as a special community, using the above techniques to comprehensively study the ecological drivers of carbon-functional genes and their predominant microbes will fill the gaps in the accurate evaluation and prediction of the predominantly microbial-driven carbon cycle.

Coastal wetlands have a high carbon sequestration capacity and a low decomposition rate. This sequestered carbon is often called “coastal blue carbon” together with carbon buried in seagrass bed ecosystem (Deb and Mandal, 2021; Wang F. M. et al., 2021). Microscopic bacteria and archaea play decisive roles in the sequestration of organic carbon and the transformation of organic carbon into inorganic carbon. There are many studies on wetland microbial communities and diversity, but information on carbon-functional genes in coastal wetlands is limited, especially across multiple types of wetlands and at large spatial scales. Therefore, we collected 36 sediment samples from 20 wetlands along the eastern coast of China in order to evaluate and quantify carbon-functional genes and analyze microbial communities. We aimed to address a set of fundamental questions to improve our understanding of the dominant microbes driving the coastal wetland carbon cycle: (i) What taxonomic groups and carbon-cycling functional traits are present in coastal wetland sediments? (ii) Which microbes dominate the composition and abundance of carbon-functional genes? (iii) What are the ecological drivers of microbial community and carbon-function composition? (iv) What environmental factors affect microbial community and carbon-functional composition?



Materials and methods


Study area and sampling

China’s coastal wetlands are characterized by tropical, subtropical, and temperate monsoon climates, and their temperature differences in summer are small. The main vegetation in coastal wetlands is comprised of Phragmites communis, Acorus calamus, and mangroves. Twenty coastal wetlands (from W1 to W21, except for W7) in eastern China were selected for this study (Figure 1); their types are diverse and include four reservoirs, one lagoon, four estuaries, four rivers, two marshes, one bay, one delta, and three mangrove wetlands (Supplementary Table 1). In total, 36 sediment samples were collected from July to August, 2019 (Supplementary Table 1). Samples were collected from vegetated and open areas in the central location of the wetland using a KH0202 layered box corer (Kanghua Inc., China). Three to five sediment columns were obtained from each of the two sampling areas, and then the surface sediments (depth: 1–5 cm) were mixed in 50 mL sterilized centrifuge tubes. All samples were refrigerated in dry ice and directly transported to the laboratory. Sediment samples for microbial taxonomic and carbon-functional analysis were stored at −80°C prior to DNA extraction, and those for physicochemical property analysis were stored at −20°C. In accordance with sediment sampling, overlying water was collected and immediately used for physicochemical analysis.


[image: image]

FIGURE 1
Geographic map of sampling sites in China’s coastal wetlands.




Physicochemical analysis

Overlying water temperature (WT), chlorophyll a (Chl a), dissolved oxygen (DO), salinity (Sal), and pH were measured directly using a Professional Plus multi-parameter probe (YSI, EXO1, America) with precorrection in situ. Dissolved organic carbon (DOC) was determined by a TOC analyzer (Aurora 1030, America). Comprehensive trophic level index (TLI) was calculated on a weighted basis for TN, TP, and Chl a (Lu et al., 2017). Physicochemical properties of sediment pore water, including labile PO4-P, NO3-N, NH4-N (measured by ZrO-AT DGT) and Fe (measured by ZrO-Chelex DGT), were analyzed by Diffusive Gradients in Thin-films (DGTs) (Ren et al., 2020). Sediment samples were ground and sieved through a 2 mm nylon sieve after lyophilization at −50°C for further analysis. Sediment organic carbon (SOC), sediment organic nitrogen (SON), and SOC/SON ratio were measured with an elemental analyzer (Vario EL III, Germany). Values for δ13CSOC and δ15NSON were determined by MAT253 Plus-EA (Thermo Fisher, America). Dissolved organic matter (DOM) composition was analyzed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS, Bruker solariX 2XR, Germany) coupled with electrospray ionization (ESI) (Brünjes et al., 2022). Sediment particle mean diameter was determined using a Malvern laser grain-size analyzer (Mastersizer 3000, England) after sieving and removing organic matter and carbonates (Yu et al., 2018). Sediment moisture content (MC) was calculated by gravimetric method as MC = (Wwet−Wdry)/Wwet.



Amplicon sequencing and carbon-functional gene analysis

Genomic DNA was extracted from 0.3 g sediment samples with the TGuide S96 Magnetic Soil DNA Kit (Tiangen Biotech Co., Ltd., Beijing, China). The quality and integrity of extracted DNA was assessed with the Thermo Scientific Microplate Reader (Multiskan GO, America). The primer sets targeting 16S rRNA genes of microbes (Zhang and Lu, 2016; Chen et al., 2021) and functional genes associated with microbial carbon metabolism (Zheng et al., 2018) were selected for PCR amplification as described in Supplementary Tables 2, 3. 16S rRNA sequencing was performed on the Illumina NovaSeq 6000 platform, and HT-qPCR QMEC was used for genetic quantification (Zheng et al., 2018). Both of projects were carried at Meige Technology Co., Ltd., Guangzhou, China. Bioinformatic analysis of amplicon sequencing and detailed protocols of HT-qPCR QMEC were performed as described in S1. The sequences reported in this study have been deposited in NCBI SRA database with the BioProject numbers PRJNA681135 and PRJNA674461 (Wang B. L. et al., 2021). Shannon index and niche breadth of microbes and carbon-functional genes were conducted with the “vegan_2.6-2” and “spaa_0.2.2” package, respectively.



Data analysis

iCAMP, a phylogenetic bin-based null model was applied to understand assembly processes that determined the formation of microbial community and potential community functionalities (Ning et al., 2020). Microbial OTUs and functional genes were first assigned to phylogenetic-closed groups (bins); and then bin-based null model simulations with phylogenetic diversity was used for partitioning homogeneous and heterogeneous selection of deterministic processes, whereas taxonomic diversity was used for partitioning dispersal limitation, homogenizing dispersal, and undominated (drift, diversification, weak selection, and/or weak dispersal) in stochastic processes (Ning et al., 2020). The proportion of the ecological process in different communities can be compared based on the bootstrapped methods, and the analyses were conducted with the “iCAMP v.1.3.4” packages in R 3.6.3.

Correlation-based network analysis was used for microbes and carbon-functional gene interactions (Zhu et al., 2017; Wang B. L. et al., 2021). Co-occurrence networks were constructed using WGCNA libraries in R 3.6.3 and visualized with Gephi 0.9.2 software. OTUs present in ≥10% of all samples and all carbon-functional genes were retained for analysis. Pairwise Spearman’s correlations were calculated between OTUs, with a correlation coefficient of >0.7 and a P-value < 0.05 (Benjamini and Hochberg adjusted) being considered to indicate a valid relationship.

Random Forest model analysis was conducted to identify dominant microbes of carbon-functional genes using the “Random Forest” package (Edwards et al., 2018). Mantel test was used for correlational analysis between microbial community composition and carbon-functional genes according to the r and significance-level P-values of the two matrices. Spearman’s correlation analyses between physicochemical factors and microbial community structure and carbon-functional genes were calculated using the core function in the corrplot_0.92 package. The significant differences between different groups were analyzed by one-way analysis of variance (ANOVA) and least significant difference (LSD) at the 0.05 significance level using the SPSS 24.0 statistical software package.




Results


Physicochemical parameters

The mean diameter of sediment particles ranged from 7.61 to 179.43 μm, with an average of 50.06 μm, and moisture content was in the range of 18.35∼78.4%, with an average of 47.85% (Table 1). Except for a few sampling points, there was less variability in concentrations of DGT-PO4-P, DGT-NH4-N, and DGT-Fe from south to north, while DGT-NO3-N concentration varied greatly within a range of 0.06∼0.41 mg.L–1 (Supplementary Figure 1). The contents of SOC and SON changed little overall, but their ratios varied across a wide range (Supplementary Figure 1). The average values of δ13CSOC and δ15NSON were −26.263 and 5.346‰ (Table 1). Values for TLI, Chl a, pH, DO, and DOC had disorderly spatial variations. Water temperature generally decreased from south to north, while salinity increased (Supplementary Figure 1). DOM molecules were classified into eight classes of chemical components based on the different O/C and H/C ratios (Supplementary Table 4). Aliphatic/protein was the most dominant chemical component, accounting for 47.0%, followed by 28% lignin/CRAM-like structures and 14% lipids. The DOM Shannon index ranged from 0.89 to 1.51 (Table 1).


TABLE 1    Physicochemical parameters and DOM α-diversity index of surface sediments and overlying water in China’s coastal wetlands.
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Composition of microbial communities and carbon-functional genes

A total of 53, 503 OTUs in bacteria and 21, 350 OTUs in archaea were obtained. All bacterial OTUs were clustered into 73 phyla, and the most frequently detected phyla were Proteobacteria (13∼62%), Bacteroidetes (7∼63%), Chloroflexi (0.5∼17%). For archaea, Nanoarchaeaota (1.8∼87%), Crenarchaeota (4.2∼86%), and Thaumarchaeaota (0.3∼83%) were the dominant phyla (Figures 2A,B). In total, 13 carbon fixation-related genes (accA, aclB, acsA, acsB, acsE, frdA, cdaR, korA, mcrA, mct, pccA, rbcL, and smtA) and 19 carbon degradation-related genes (amyA, amyX, apu, gam, IsoP, gmGDH and exg for starch; manA, xylA and abfA for hemicellulose; CDH and naglu for cellulose; chiA, and exc for chitin; glx, lig, mnp and pox for lignin; and PG1 for pectin) were obtained (Figures 2C,D). The bacterial relative abundance was generally homogeneous from low latitude to high latitude, and that of archaea (e g., Crenarchaeota and Thaumarchaecta) decreased from low latitude to high latitude (Figures 2A,B), while the abundance of carbon-functional genes was lower in low latitude (Figures 2C,D).
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FIGURE 2
Composition and spatial distribution of microbial community and carbon-functional genes. Top bacterial phyla (A); all archaeal phyla (B); carbon fixation-related genes (C); carbon degradation-related genes (D).




α-diversity and niche breadth of microbial communities and carbon-functional genes

All the bacteria were classified into four groups: high abundance (HAB), with OTUs of a relative abundance > 1% in all samples; medium abundance (MAB), with OTUs of a relative abundance 0.1∼0.9% in all samples; low abundance (LAB), with OTUs of a relative abundance 0.01%∼0.09% in all samples; and rare abundance (RAB), with OTUs of a relative abundance 0.001%∼0.009% (Nyirabuhoro et al., 2020). The highest Shannon diversity index was found in carbon-functional genes with an average of 3.07, and was lowest in archaea with an average of 1.05 (Figure 3A). For bacteria, the Shannon diversity index was highest for LAB at 2.34, and the lowest value for bacteria was 1.60 (Figure 3A). In contrast, the niche breadth of carbon-functional genes was the smallest, with an average of 2.18 (Figure 3B); the niche breadth of archaea was smaller than that of bacteria; and bacterial niche breadth decreased with decreasing abundance (Figure 3B).
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FIGURE 3
Shannon diversity index (A) and niche breadth (B) of bacteria, archaea, and carbon-functional genes. The relevant abbreviations are referred to the text. Significant difference between groups are indicated with lowercase letters (p < 0.05).




The relationships between microbial communities and carbon-functional genes

Archaeal taxonomic richness was positively correlated with carbon-functional richness and absolute abundance, however, bacteria had no such correlations (Figures 4A,B). Archaea and carbon-functional genes co-occurrence networks, with 862 nodes and 1, 736 edges, were more than the 679 nodes and 640 edges for bacteria; the average clustering coefficient between archaea and carbon-functional genes was 0.782, which was higher than the 0.709 between bacteria and genes (Figures 5A–C and Supplementary Table 5). Random Forest analysis found the variable explanation of bacteria and archaea for carbon-functional gene abundance to be 40 and 59.68%, respectively (Figures 5D,E). The maximum%IncMSE of OTU annotated to Proteobacteria bacteria was 4.5%, while that of OTU annotated to Nanoarchaeaeota archaea was 6.41% (Figures 5D,E).
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FIGURE 4
Bacteria taxonomic richness vs. carbon-functional richness and carbon-functional gene absolute abundance (A); archaea taxonomic richness vs. carbon-functional richness and carbon-functional gene absolute abundance (B); the regression (yellow): y = 0.003 x + 20.91, adjust r2 = 0.11, p < 0.05; the regression (green): y = 5.61 × 103 × –7.64 × 106, adjust r2 = 0.31, p < 0.05.
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FIGURE 5
Co-occurrence networks and Random Forest analysis of microbes and carbon-functional genes. Co-occurrence networks of bacteria and carbon-functional genes (A); co-occurrence networks of archaea and carbon-functional genes (B); the numbers of edges of microbes (bacteria and archaea) and carbon-functional genes (fixation and degradation genes) based on co-occurrence networks (C); Random Forest analysis of bacterial contribution to absolute abundance of carbon-functional genes (D); Random Forest analysis of archaea contribution to absolute abundance of carbon-functional genes (E).




Ecological and environmental drivers of microbial communities and carbon-functional genes

The assembly processes of both bacterial and archaeal communities were dominated by homogeneous selection, and dispersal limitation only accounted for 16% (Figure 6A). Quite differently, carbon-functional communities were dominated by 66% undominated and 30% homogenizing dispersal processes, while variable selection only explained 4% (Figure 6A). HAB community was mainly dominated by homogeneous selection, while community composition for MAB, LAB, RAB were mainly dominated by variable selections and dispersal limitation (Figure 6A). Among all environmental variables, DGT-Fe was a main influencing factor for archaea and carbon-functional composition, and latitude also had an important effect on the archaea community (Figure 6B). The factors influencing bacterial community were more complex and different with abundance. DGT-NH4 was related to MAB community, while SOC/SON was related to RAB community (Supplementary Figure 2).
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FIGURE 6
The assembly process of microbial communities and carbon-functional genes (A) and their relationship with environmental factors (B). Pairwise comparisons of physicochemical factors are displayed with a color gradient to denote Spearman’s correlation coefficients. Community composition is related to each environmental factor by performing a Mantel test. The relevant abbreviations are referred to the text and Table 1.





Discussion


Predominant archaea in sediments and their contributions to the composition and abundance of carbon-functional genes

As a significant fraction of Earth’s microbial diversity, archaea have been significant not only to the ecology of our planet but also to the evolution of eukaryotes (Castelle et al., 2015; Uri and Neta, 2022). Unlike bacteria, archaea live in extreme conditions, at low and high temperatures, extreme pH, elevated pressure and high salinity (Ciaramella et al., 2005), as well as in normal natural environments such as soil (Tripathi et al., 2015) and fresh water (Juottonen et al., 2020). As a special realm in aquatic ecosystem, coastal sediment is rich in organic matters and therefore hosts a large number of archaea (Wang et al., 2012; Flemming and Wuertz, 2019). We found higher archaea ratios in China’s coastal wetlands sediment than in water (Supplementary Figure 3) and a significant correlation between archaea taxonomy and carbon-functional genes (Figure 4 and Supplementary Figures 4, 5), confirming the predominant role of archaea in the carbon cycling of sediments.

Sediment is hypoxic and anaerobic but rich in organic matter, and this special environment may require more microbes with unique or complex carbon metabolic mechanisms in order to promote the transformation and circulation of various forms of carbon, while archaea with a narrower niche breadth than bacteria tend to be more specialized (Figure 3B). Archaea are involved in many metabolic processes, such as the Wood-Ljungdahl (WL) pathway (He et al., 2016; Adam et al., 2017), the reductive citric acid cycle (Hügler et al., 2003), and the 3-hydroxy propionate/4-hydroxybutyrate (3-HP/4-HB) and dicarboxylic acid/4-hydroxybutyric acid (Sato and Atomi, 2011) pathways, which differ from previously recognized classical pathways related to autotrophic carbon fixation. For example, the newly discovered methanogenic archaea (Candidatus Methanoliparum), independent on bacteria, can directly oxidize long-chain alkanes and enter methanogenic metabolism through β-oxidation and WL pathway (Zhou et al., 2022). Thaumarchaeota, the dominant group of chemoautotrophs, can use the chemical energy generated during nitrification to fix CO2 and synthesize organic compounds with the 3-HP/4-HB cycle in oligotrophic and deep lakes (Zhang et al., 2012; Könneke et al., 2014). Besides, most archaea have the potential to degrade or participate in the metabolism of complex macromolecular organic matter such as proteins and aromatic compounds (Li et al., 2015; Adam et al., 2017). Thus, archaea’s more diverse functions in carbon cycling determine its dominance in carbon-functional gene richness (Figure 4B). The discovery of more archaeal linkages with carbon-functional genes in co-occurrence networks reconfirms archaea’s dominant contribution to carbon-functional genes (Figures 5B,C). Nanoarchaeaeota have been determined by genome sequencing to drive key ecological processes such as glycolysis, fermentation and gluconeogenesis (Baker et al., 2020), and our results show that they play key roles in carbon cycle processes (Figure 5E and Supplementary Figure 5). Although archaea phyla have been found in much smaller numbers than bacteria phyla (Figure 2), and are the least-studied and least-characterized domain of life (Baker et al., 2020; Uri and Neta, 2022), the findings above remind us not to ignore or undervalue archaea, which may perform more-or more specific-functions than bacteria do in driving the carbon biogeochemical cycle in coastal wetland sediment.



More direct indication of carbon-function genes for wetland ecosystem carbon function

The carbon-functional genes had higher evenness and stability and a slight distance decay (Figure 3 and Supplementary Figure 6). Functional redundancy should be a strong support for the stability of carbon function, and the altered functional structure should be alleviated by microbes performing similar or identical ecological functions under environmental disturbance (Louca et al., 2018). Archaea (the lowest slope of 0.398) and HAB (slop of 0.522) were highly functionally redundant compared with other bacteria (Supplementary Figure 7), and these individual microbes can avoid the effects of environmental disturbance on coordination or deterioration of microbes and the disappearance of individuals so as to ensure normal ecological functions. MAB, LAB, and RAB had narrower niche breadth and low functional redundancy (slopes of 0.672, 0.602, 0.575) (Figure 3B and Supplementary Figure 7), which may be because most of them are species with unique functions, and so it is difficult to resist environmental disturbances with functional and individual substitute. From this point of view, the microbiome is composed of high-abundance generalized species and non-high-abundance specialized species, which together guarantee the carbon biogeochemical cycle through abundance superiority and functional complementarity. Therefore, it is not accurate to evaluate a change in ecosystem function only by the change of microbial community, because community and function changes were not synergistic. Similarly, soil carbon processes were thought not to be affected by microbial community composition (Zheng et al., 2019). As a more direct indicator, a change in carbon-functional gene composition and abundance can better reflect a change in ecosystem carbon function.



Influential environmental factors for microbial communities and carbon-functional genes

In nature, the transmission of microbes and genes is both passive and active, and the relative importance of the assembly process shaping microbial communities and carbon-functional genes should be the result of reciprocal selection. We found that microbes were more susceptible to selective processes than were genes (Figure 6A), because they are more sensitive to abiotic environmental disturbance and to biological interactions, while diversity in taxonomic composition, abundance, and activity determine selection intensity (Yang et al., 2020; Wang B. L. et al., 2021). On the contrary, the stability of DNA molecular structure and microbial functional redundancy make carbon-functional genes more stable than their host microbes, and small environmental fluctuations have little impact on gene composition, so the assembly of carbon-functional gene composition is less affected by the selective process (Figure 6A).

DGT-Fe governs archaeal and carbon-functional composition (Figure 6B), which should be related to the key ecological functions of archaea. As a limiting factor, iron not only has its metal attributes, but also drives the element biogeochemical cycle by coupling with other elements (Conway and John, 2014). Ammonium-oxidizing archaea and methanogens were found to be involved in anaerobic ammonium oxidation coupling to Fe(III) reduction (Feammox) with dinitrogen gas, nitrite, and nitrate as the terminal products in the oligotrophic environment (Zhu et al., 2022). In coastal sediments, the negative correlation of DGT-Fe with NO3– and NH4+ reinforced the importance of iron in the wetland nitrogen cycle driven by archaea (Figure 6B). Moreover, the abundance of genes associated with iron and carbon cycling often has a consistent change tendency in a given environment (Yang et al., 2017), and a previous study has verified that the microbial metabolic process of Fe(III) reduction is coupled with the mineralization of SOC as a terminal electron acceptor or with the formation of a complex with SOC (Chen et al., 2020). In this study, we also found DGT-Fe to have strong correlations with SOC/SON and carbon-functional gene composition (Figures 6B, 7), which should be that iron ultimately changed the SOC/SON by influencing the composition of carbon-functional genes and the intensity of carbon cycling.
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FIGURE 7
Relationships for DGT-Fe concentration similarity and carbon functional similarity. The regression: y = –0.06, x = +0.40, r2 = 0.65, p < 0.05.


Microbial communities regulate ecosystem fluxes of carbon, nitrogen with mineralization, and immobilization, and also have the ability to adapt to differences in resources composition and can thereby adjust their element use efficiencies (Ren et al., 2016). But because of the diversity of species composition and specificity to the environment, different microbial communities are affected by different environmental factors. The significant relationships of MAB communities with DGT-NH4-N reflect their ability to utilize nitrogen (Supplementary Figure 2), while those of RAB with SOC/SON suggested that they may be strictly homeostatic with constrained C/N and more sensitive to the imbalance of SOC/SON (Supplementary Figure 2).




Conclusion

This work found that archaea dominate the richness and abundance of carbon-functional genes, and that Nanoarchaeaeota contribute the most abundance. Carbon-functional composition is more stable with the highest Shannon diversity because of microbial functional redundancy. DGT-Fe was the only factor found to affect the carbon-functional composition by coupling with nitrogen and carbon biogeochemical cycles. This study reinforces the view that there are significant differences in assembly process and environmental influence factors of microbial communities and carbon-functional genes. It is necessary to consider further the composition and abundance of carbon-functional genes rather than simply microbial community when assessing the carbon cycle intensity of coastal wetlands, because carbon-functional genes are more direct carbon participant encoding carbon-metabolism enzymes.
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Daphnia galeata is a common and dominant species in warmer waters, and has a strong top-down effect on both phytoplankton and bacteria. The knowledge of its temporal and spatial patterns of genetic diversity is fundamental in understanding its population dynamics and potential ecological function in ecosystems. Its population genetics have been investigated at regional scales but few within regions or at smaller spatial scales. Here, we examined the fine-scale spatial genetic variation of D. galeata within four large, deep reservoirs in wet and dry seasons and the six-year variation of genetic diversity in one of the reservoirs by using cytochrome c oxidase subunit I and microsatellites (simple sequence repeat). Our study shows that fine-scale spatial genetic variation commonly occurred within the reservoirs, indicating strong environmental selection at least in the two of reservoirs with strong longitudinal gradients. Since the environmental gradients established in the dry season was largely reduced in the wet season, the fine-scale spatial genetic variation was much higher in the dry season. The dynamics of local genetic diversity did not follow the theoretical pattern of rapid erosion but peaked in mid or mid-late growth season. The local genetic diversity of D. galeata appears to be shaped and maintained not only by recruitment from resting egg banks but also by gene flow within reservoirs. The temporal and fine-scale genetic variation within a water body suggests that it is necessary to pay attention to sampling periods and locations of a given water body in regional studies.
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Introduction

Spatial patterns of biological composition and diversity are a major topic in modern ecology, providing core knowledge for conserving biodiversity and ecosystem management (Mittelbach, 2012). Species composition of a local community is determined not only by local processes such as biological interaction, adaptation, and stochastic variation but also by regional processes of species dispersal and geographic isolation and even species speciation (Ricklefs, 1987, 2004). There are two frameworks for viewing the composition of biological communities (Tilman, 2004). In niche theory, species composition is mainly determined by environmental or ecological selection (Tilman, 1994). In neutral theory, in contrast, species composition is determined by random drift and dispersal limitation or mass effects (Hubbell, 2001, 2006). In the two frameworks, species are differently assumed to be under selection or neutral. If species are equal or neutral, spatial patterns can be only observed in high dispersal species groups on a large scale. Due to their size, most plankton groups can be passively and highly dispersed through airborne and waterborne ways (Leibold and Norberg, 2004; Louette and De Meester, 2005; Incagnone et al., 2015). However, their spatial patterns have been observed both across water bodies and within a water body (Grosbois et al., 2016; Rizo et al., 2020). Such patterns strongly suggest that environmental filtering and selection play a role in shaping species composition and diversity.

Spatial patterns of genetic variation or diversity are structured in ways similar to those for patterns of species diversity at the community level (Gillespie, 2004; Hamilton, 2009; Haileselasie et al., 2018). Intraspecific genetic structure commonly occurs between populations with limited gene flow or under strong selection. Fine-scale population structure has been observed for amphibians and fishes in a single water body or a single river basin (Wagner and McCune, 2009; Triest et al., 2014). Biological traits under selection strongly influence spatial genetic structure (Vekemans and Hardy, 2004). However, not all species have conspicuous morphological and behavioral traits that can easily be observed and/or measured. For example, many planktonic organisms have distinct traits at the genus level but quite similar traits at the species level within the genus (De Meester, 1997; Gómez et al., 2000, 2002). Although high-resolution markers such as microsatellites (or SSR: Simple Sequence Repeat) and SNPs have been developed to reveal population subdivision at the regional scale, there are few studies on the intraspecific genetic structure of plankton at small scales (Weider, 1985; Petrusek et al., 2013). Nevertheless, plankton species have specific traits (e.g., physiological traits) that are hard to be observed. Despite high dispersal, fine-scale population structure has been observed for zooplankton in some harsh and highly heterogeneous environments (Carvalho and Crisp, 1987; Petrusek et al., 2013). Spatial heterogeneity of plankton communities is common within many large waterbodies that have strong environmental heterogeneity (Grosbois et al., 2016; Rizo et al., 2020). If used genetic markers are not totally neutral, i.e., slightly under selection, population genetic differentiation could be observed at a local scale, even between adjacent sampling sites within a water body (Petrusek et al., 2013; Frisch et al., 2021).

Daphnia is one of the largest genera in Cladocera with more than 100 species found around the world (Forró et al., 2008). They represent the most important herbivores in natural and man-made lakes and ponds (Seda and Petrusek, 2011). Most species of Daphnia reproduce by cyclic parthenogenesis and produce resting eggs that accumulate in the sediments as a seed bank (De Meester et al., 2006). As accumulated in time and space, a resting egg bank contains diverse genotypes and hatching asynchronism of different genotypes influences observed genetic diversity (Brendonck and De Meester, 2003; Hulsmann et al., 2012). Like spatial patterns observed for zooplankton at the community level, a similar pattern for genetic composition (or diversity) is possible for Daphnia species at the population level when high-resolution markers [such as SSR and cytochrome c oxidase subunit I (COI), etc] are used (Yin et al., 2012; Petrusek et al., 2013; Liu et al., 2022).

Daphnia galeata is a pelagic species common in both Europe and Asia and occurs in eutrophic and warmer water (Stich and Lampert, 1984). It showed significant genetic differentiation along both vertical and longitudinal gradients in Rimov reservoir, Czech Republic (Seda et al., 2007; Macháček and Seda, 2008; Yin et al., 2012; Petrusek et al., 2013). D. geleata is also common in waters of tropical and subtropical China (Han et al., 2012; Liu et al., 2019; Ma et al., 2019), where it is subject to high and year-round predation pressure. To be persistent and dominant in warmer waters, D. geleata needs some ecological mechanisms to maintain its genetic diversity. In tropical and subtropical regions, the cold period usually have a water temperature of 8–15°C around “late winter” and the beginning of spring required for the hatching of D. geleata’s resting eggs is relatively short. Therefore, both spatial patterns and seasonal dynamics of genetic diversity within tropical and subtropical water bodies may be different from temperate regions. In tropical and subtropical reservoirs of southern China, strong and stable environmental gradients that are commonly established in dry seasons can be largely reduced in wet seasons due to high water flow during monsoonal periods. In this study, we hypothesize that D. galeata in warmer waters: 1) has a clear spatial pattern of genetic diversity within a heterogeneous water body, and 2) has a genetic diversity that peaks in early spring when the species hatch from the sediments and then is quickly eroded. To test the assumptions, we collected D. galeata along a longitudinal gradient from four large reservoirs in tropical and subtropical China for two seasons, and the populations in their growing season in a tropical reservoir for six successive years. Daphnia galeata individuals were sequenced for COI and SSR to measure the genetic diversity of populations.



Materials and methods


Sample collection

Daphnia galeata were collected from four large and deep reservoirs in southern China (Figure 1): Qiandaohu reservoir (29.61°N, 118.96°E) and Xujiahe reservoir (31.57°N, 113.62°E) in the Yangtze River Basin, Chaishitan reservoir (24.98°N, 103.32°E) and Liuxihe reservoir (23.75°N, 113.79°E) in the Pearl River Basin. The Chaishitan reservoir is located on the Yunnan-Guizhou Plateau and has a climate similar to that in the Yangtze River Basin. Chaishitan and Qiandaohu reservoirs have a typical longitudinal environmental gradient, i.e., riverine, transitional and lacustrine zone. Each reservoir was sampled from four sites in the wet (summer) and dry (spring or autumn) seasons of 2016 (Supplementary Table 1), which covers heterogeneous habitats. We obtained 32 seasonal populations from the four reservoirs. In subtropical reservoirs, the population of D. galeata had a growing season from early spring to late summer. To observe the dynamics of genetic diversity and clone erosion, D. galeata was sampled at the central pelagic zone of Liuxihe reservoir from 2012 to 2017. The sampling was conducted every 15 days during the growing season in 2012 and 2013, and every 30 days during the growing season in 2014–2017. Only two samples were collected in May and June of 2016, and excluded from the analysis. Finally, we also obtained 32 temporal populations in Liuxihe reservoir. Individuals of D. galeata were harvested using a 110 μm vertical plankton net and the samples were fixed with 75% ethanol in the field. All Daphnia individuals were picked out under a dissecting microscope (Olympus: SZXZ-ILLB) and identified under an optical microscope (Olympus U-LH100-3) according to criteria given by Benzie (2005) and further confirmed by barcoding. Samples were preserved in 95% ethanol and stored at-20°C for DNA extraction and sequencing.
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FIGURE 1
 Sampling sites in each of four investigated reservoirs. Each reservoir has four sampling sites, Up: upstream; Mid: midstream; Down: downstream, Dam: near the dam. Two reservoirs in Yangtze River Basin: Qiandaohu reservoir (QDH) and Xujiahe reservoir (XJH); Two reservoirs in Pearl River Basin: Chaishitan reservoir (CST) and Liuxihe reservoir (LXH). Only Chaishitan and Qiandaohu reservoirs were sampled in the riverine zone (Up), where it was deep enough for Daphnia galeata to establish a stable population.




DNA extraction and PCR amplification

The genomic DNA was extracted using an Ultra-Sep Gel Extraction Kit (Omega, USA). Individuals of D. galeata were picked out from 95% ethanol, rinsed repeatedly with double-distilled water, and transferred individually to a 500 μl tube. We added 200 μl Lysis buffer and 4 μl Protease K (20 mg·ml−1). The mixture was vortexed and subsequently incubated for 2 h at 55°C. Next, 100 μl of chloroform-isoamyl alcohol (24:1) was added and the mixture was centrifuged vigorously at 10,000 rpm at 10°C for 10 min. The supernatant was moved to a new 500 μl tube and added 3 μl beads. After adsorption for 2 min, we added 300 μl Binding buffer and centrifuged at 10,000 rpm for 4 min at 10°C. The supernatant was discarded and the precipitate was washed with 300 μl washing buffer and centrifuged at 10,000 rpm and 10°C for 4 min. Then the supernatant was removed and the precipitate was left to dry at room temperature for 2–3 h. After that, 25 μl Elution buffer was added to the supernatant, which was placed 4°C for 12 h, and centrifuged at 10,000 rpm and 10°C for 4 min. Finally, the supernatant was obtained and stored at −20°C.

The individual DNA materials were first used for the microsatellite data and the remaining materials were used for sequencing COI. For each population, 32 individuals were randomly picked. DNA amplification was performed by polymerase chain reaction using nine microsatellite markers developed for species of Daphnia in Europe (Brede et al., 2006). The nine microsatellite markers were used, including SwiD5, SwiD7, SwiD10, DaB17, DaB10, SwiD2, SwiD12, SwiD18, and Dgm113. The microsatellite primers were synthesized by Invitrogen, and forward primers were labeled with the FAM fluorophore. The total reaction volume (30 μl) contained 10 × buffer (Mg2+plus), 0.25 mM dNTP Mixture 2.5 mmol/l each, 20 μM each primer, 0.5 U Taq (TaKaRa), and 3 μl template DNA. The PCR reaction procedure is used as follows: pre-denaturation at 95°C for 5 min, 35 cycles of 95°C for 30 s, annealing at 55°C for 45 s, extension at 72°C for 30 s, the final extension at 72°C for 3 min, and the reaction ended at 4°C. Polymorphism was assessed on an ABI PRISM 3730 capillary DNA sequencer, using an internal Liz Gene-scan size standard (Applied Biosystems). Amplified fragments for all primers contained between 99 and 234 nucleotides. Genotyping was checked by GeneMarker v2.2. Before merging data, the same criteria were used to check the consistency of alleles, especially the alleles with small differences in fragment lengths.

The same individual for microsatellites was used for its mitochondrial COI amplification. As some individuals had not enough amount of DNA after microsatellites, the number of individuals in each population for COI data sets was unequal, between 10 and 31 individuals. The COI sequences were missed for two sampling sites in the dry season of Liuxihe reservoir. The mitochondrial gene COI was amplified using universal COI primers LCO1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′; Folmer et al., 1994). The polymerase chain reactions were as follows in a total volume of 30 μl: 3 μl 10 × buffer (Mg2+ plus), dNTP Mixture 2.5 mM each, 0.5 μM of each primer, 0.5 U Taq, and 3 μl DNA template. The PCR conditions consisted of a 1 min initial cycle at 94 ⁰C, followed by 35 cycles of 40 s at 94ºC, 40 s at 51⁰C, 60 s at 72⁰C, then a final extension of 3 min at 72⁰C, end of reaction at 4⁰C. The amplifications were verified and chosen for sequencing using a 1% agarose gel for electrophoresis. The PCR products were then sent to Huayu gene (Guangzhou, China) for sequencing on ABI3730 sequencer. All obtained sequences were checked for the absence of stop codons and ambiguous positions, and the validity of obtained sequences was verified by BLAST comparison in NCBI. The homologous alignment of sequences was performed using Aliview (Larsson, 2014). In total, all the obtained COI haplotypes were deposited in GenBank with numbers from ON734022 to ON734041.



Genetic diversity and genetic structure

For microsatellites, genetic diversity was estimated in each population by GenALEx v6 (Peakall and Smouse, 2006), including the number of different alleles (Na), the number of effective alleles (Ne), expected (He), and observed (Ho) heterozygosity, the inbreeding coefficient (Fis). Fis ranges from −1 to 1, where negative values significantly different from zero indicate an excess of heterozygotes and positive values indicate a deficiency of heterozygotes. The deviation from Hardy–Weinberg equilibrium was examined in Arlequin v3.5 (Excoffier and Lischer, 2010). As our populations all significantly deviated from the Hardy–Weinberg equilibrium that is required for STRUCTURE (Pritchard et al., 2000), the discriminant analysis of principal components (DAPC) was performed to investigate population genetic structure (Jombart et al., 2010). In DAPC, the genotype matrix was first transformed using principal component analysis (PCA), and then a linear discriminant analysis was performed on the retained principal components. DAPC analysis was implemented in R with the package adegenet (Jombart, 2008; Jombart et al., 2010).

For COI, the sequence characteristics and genetic diversity were examined with DnaSP v5.10 (Rozas et al., 2003), including the number of variable sites, haplotype diversity, and nucleotide diversity. To visually the relationships among the mitochondrial haplotypes, PopArt was used to construct the Minimum spanning network (Leigh and Bryant, 2015).



Genetic differentiation and clustering analysis

The genetic differentiation (genetic distance) for COI was estimated in MEGA v6 (Kumar et al., 2008) with the Kimura 2-parameter model, and the bootstrap method was repeated 1,000 times. The pairwise-Fst for microsatellites was calculated to characterize genetic differentiation between populations. AMOVA in Arlequin v3.5 (Excoffier and Lischer, 2010) was used to partition the genetic variance into within seasons, among populations within seasons, and within populations. Due to missing COI sequences for two sampling sites in Liuxihe reservoir, AMOVA was only performed for the other three reservoirs. Temporal populations of 6 years were yearly grouped for AMOVA analysis to evaluate the interannual difference in genetic variation. The relationship between geographical distance and pairwise genetic distance (Fst) within reservoirs was detected by a linear regression model with package ggplot2 (Wickham et al., 2016) in R v3.5.0 (R Core Team, 2018).



Gene flow

Recent immigration rate over the last 3–5 generations and directional gene flow was estimated based on the principle of linkage disequilibrium with BayesAss v3.0 (Wilson and Rannala, 2003; Rannala, 2007), which employs Markov Chain Monte Carlo (MCMC) analysis. As BayesAss does not assume Hardy–Weinberg equilibrium, it was applied to identify the magnitude and direction of gene flow across spatial and temporal gradients/scales. The BayesAss MCMC was run for 10,000,000 iterations after an initial burn-in period of 10,000,000 iterations and sampled every 1,000 iterations.




Results


Spatial and temporal genetic variation based on microsatellites

One hundred and six (106) alleles were detected from 1,018 individuals of 32 populations. The average number of alleles (Na) of all populations was 3.96 (Variance = 0.79). All populations had low genetic diversity (Ho, Mean = 0.357, Variance = 0.086; He, Mean = 0.380, Variance = 0.074). There was no significant seasonal variation in genetic diversity within individual reservoirs. AMOVA showed that genetic variation was very low (< 7%) among populations within seasons and among seasons for each reservoir, and most of the genetic variance for the four reservoirs was contributed by within-population variation (87.9%–92.4%, Table 1).



TABLE 1 AMOVA of mtDNA and microsatellite datasets for testing the source of genetic variation.
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DAPC analysis revealed genetic differentiation among sampling sites within Chaishitan, Liuxihe, and Qiandaohu reservoirs (Supplementary Figures 1A,B,D,F). Such genetic differentiation varied temporally (Figure 2). In Liuxihe reservoir, a high genetic differentiation (Fst > 0.05) occurred in the dry season (i.e., between midstream (Mid) and bay (Bay)), between midstream (Mid) and downstream (Down), and low genetic differentiation (Fst < 0.05) did in the wet season (Supplementary Table 2). In Qiandaohu reservoir, except for one pair of sites, higher genetic differentiation (0.05 < Fst < 0.15) among sampling sites occurred in the dry season (Supplementary Table 2). No significant relationship was detected between genetic distance and spatial distance within single reservoirs. As Chaishitan and Qiandaohu reservoirs had the typical longitudinal gradient, a significant correlation was detected between Fst and spatial distance in the dry season by combining site pairs within each of the two reservoirs (p < 0.05, R2 = 0.43, Figure 3B) but not in the wet season (Figure 3A). However, by combining site pairs within Liuxihe reservoir and within Xujiahe reservoir, no significant relationship was detected between Fst and spatial distance in both seasons (Figures 3D–F).
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FIGURE 2
 Discriminant Analysis of Principal Components (DAPC) analysis used to identify population genetic structure. The blue and red colors represent wet season and dry season, respectively.


[image: Figure 3]

FIGURE 3
 Relationship between genetic distance (Fst) and geographical distance in Chaishitan and Qiandaohu reservoirs, (A) wet season, (B) dry season, (C) both seasons and Liuxihe and Xujiahe reservoirs, (D) wet season, (E) dry season, (F) both seasons. Each point indicates a site-pair within a single reservoir, any site-pair between two reservoirs was excluded. Gray area shows the 95% confidence interval level.




Spatial and temporal genetic variation based on COIs

We obtained 623 COI sequences with a length of 675 bp, including 138 from Chaishitan reservoir, 124 from Liuxihe reservoir, 171 from Qiandaohu reservoir, and 165 from Xujiahe reservoir. The sequences contained 37 variable sites and 20 haplotypes, indicating low clone diversity. The nucleotide diversity (Pi, Mean = 0.0066, Variance = 0.0048) and haplotype diversity (Hd, Mean = 0.41, Variance = 0.24) confirmed this. For Chaishitan, Liuxihe, and Xujiahe reservoirs, their genetic diversities all showed temporal and spatial differences (Supplementary Table 1).

The haplotype networks revealed the temporal variation of clone composition (Figure 4). In Qiandaohu reservoir, rare haplotypes occurred only in one season (i.e., Hap 7, Hap 8, Hap 17, etc.), and major haplotypes seasonally changed in abundance, showing that Hap 2 dominated in the dry season, and Hap 1 and Hap 2 dominated in the wet season. In Chaishitan reservoir, five haplotypes were detected in the wet season, but one haplotype in the dry season, which was the main haplotype in the reservoir (Figure 4). In Liuxihe and Xujiahe reservoirs, Hap 16 and Hap 12 only appeared in the wet season.

[image: Figure 4]

FIGURE 4
 Haplotype networks for four reservoirs: (A) Chaishitan reservoir, (B) Liuxihe reservoir, (C) Qiandaohu reservoir, and (D) Xujiahe reservoir. Circle Size represents number of specimens with that haplotype, and blue indicates samples collected in the wet season and white indicates those in the dry season.


AMOVA analysis showed that total population genetic variation in each reservoir was mainly from within populations (85.6%–100%, Table 1). Less genetic variation (1.97%, p < 0.05) between seasons occurred in Chaishitan reservoirs. The genetic variation between seasons was 10.64% (p > 0.05) and 16.36% (p < 0.05) in Qiandaohu and Xujiahe reservoirs, respectively. In the two reservoirs, the genetic distance showed weak population genetic differentiation (sequence differences >0.01) between the two sampling seasons.



Temporal variation of genetic diversity in Liuxihe reservoir

One hundred and two (102) alleles were detected from 959 individuals of 32 temporal populations, and the average number of alleles (Na) for all populations was 3.52 (Variance = 0.10). The genetic diversity varied, and with a random seasonal pattern (Supplementary Figure 2). In 2014, the highest diversity appeared in the early growing season (March). In 2012, 2013, and 2017, genetic diversity peaked in the mid-late or mid of the growing season (June, May, or April). The expected heterozygosity (He) showed no significant interannual difference, while the average number of alleles (Na) had a significant interannual differences between 2012 and 2015 or between 2015 and 2017 (Supplementary Figure 3).

DAPC revealed both annual and seasonal differences in genetic composition (Figure 5). Populations of 2012–2013 were separated from those of 2014–2017. Pairwise Fst between 6 years also showed low genetic difference (Fst < 0.05). AMOVA indicated that genetic variation was mainly from within populations (85.99%, p < 0.05), and less (3.9%) but significantly from interannual variation (p < 0.05; Table 2).
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FIGURE 5
 Scatterplot of DAPC analysis, used to identify genetic clusters for each year. Eigenvalue was shown as an inset for graph, with dark gray bars representing those used in the scatterplot.




TABLE 2 AMOVA for temporal populations in Liuxihe reservoir.
[image: Table2]

Temporal genetic variation was higher in 2013 and 2017 (Figure 5). Genetic differentiation (Fst) between temporal populations had a mean of 0.088 with a variance of 0.031 in 2013. High genetic differentiation occurred between July and other months in 2017 (Supplementary Table 3). Rather low genetic differentiation (Fst < 0.05) occurred in 2014 and also in 2015 except for two pairs of temporal populations in the year (Supplementary Table 3).



Gene flow within reservoirs

In the wet season, the direction of gene flow in Chaishitan reservoir was from the lacustrine zone to the transitional zone and to the riverine zone (from Down to Up, from Mid2 to Mid1 or Up). And there was symmetrical and high gene flow between the transitional zone to the riverine zone (Mid1 and Up). In the dry season, gene flow was from the riverine zone to the lacustrine zone (from Up to Down), as well as from the transitional zone or the lacustrine zone to riverine zone (from Mid2 to Mid1, from Down to Mid1). In the wet season in Qiandaohu reservoir, high gene flow mainly occurred from the lacustrine zone or transitional zone to the riverine zone (Figure 6). Compared to the wet season, the spatial gene flow was weakened in the dry season, and there was strong gene flow from the transition zone to lacustrine zone.
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FIGURE 6
 Gene flow between populations within two reservoirs characterized by a typical longitudinal environmental gradient. CST: Chaishitan reservoir; QDH: Qiandaohu reservoir. Up: upstream; Mid: midstream; Down: downstream, Dam: near the dam. Upstream of both reservoirs belonged to riverine zone, midstream of both reservoirs and downstream of Qiandaohu reservoir belonged to transitional zone, downstream of Chaishitan reservoir and open water near the dam of Qiandaohu reservoir belonged to lacustrine zone.


For annual populations across 6 years in the Liuxihe reservoir, both forward (from 2013 to 2014) and backward gene flows (from 2013 to 2012, 2015 to 2014, 2016 to 2015, and 2017 to 2016) were detected (Supplementary Figure 4). For temporal populations of each year, the detected backward gene flows mainly occurred in the mid-late growing season or/and the early growing season (i.e., from May 2012 to April 2012, April 2015 to May 2015, and Jan 2017 to Feb 2017; Supplementary Figure 4).




Discussion

The present study investigated temporal and spatial fine-scale variation in genetic diversity and structure of the D. galeata populations. Spatial fine-scale variation occurred and changed between two sampling seasons, especially in the two reservoirs (Chaishitan and Qiandaohu reservoirs) with longitudinal gradients. Genetic differentiation increased with spatial distance in the dry season, indicating increased environmental selection. Seasonal variation of genetic diversity at a pelagic site of Liuxihe reservoir appears to peak in the mid or mid-late growing season and did not follow an erosion pattern.


Spatial variation of genetic structure

Clear spatial genetic variation was observed in the Chaishitan and Qiandaohu reservoirs with a typical longitudinal environmental gradient. Higher genetic differentiation occurred even between the transitional zone and riverine zone in the Qiandaohu reservoir (Fst > 0.1, Supplementary Table 2). A significant correlation between Fst and geographic distance (Figure 3) demonstrates that spatial differentiation was induced by environmental selection rather than by restricted gene flow. Environmental selection was considered the driver of spatial variation in the genetic structure, directly, and indirectly altering population genetic composition (Weider et al., 2005; Hembre and Megard, 2006; Brzeziński et al., 2010; Orsini et al., 2013; Maruki et al., 2019). In a reservoir characterized by a strong longitudinal environmental gradient, significant spatial differences in plankton structure and fish density were frequently detected (Vašek et al., 2004; Yang et al., 2018; Rizo et al., 2020). As an epilimnetic species, less vertical migration lets D. galeata be exposed to stronger predation or/and low food quality, which facilitates its genetic differentiation (Weider et al., 2005; Hembre and Megard, 2006; Brzeziński et al., 2010; Maruki et al., 2019). Large reservoirs usually have high longitudinal heterogeneity, which also explained the greater spatial variation of genetic structure in the Qiandaohu than in the Chaishitan reservoir (Figure 2). Fine-scale genetic differentiation of D. galeata was well investigated in a study in Rimov reservoir of the Czech Republic, and significant intraspecific genetic differentiation was detected between the upstream and downstream of the reservoir (Petrusek et al., 2013). Even the hypolimnion population was genetically differentiated from the epilimnetic population (Seda et al., 2007). The observed vertical differentiation primarily resulted from fish predation pressure.

In Liuxihe and Xujiahe reservoirs, the spatial genetic differentiation was weaker. Although the two reservoirs have morphologically longitudinal zonation, their riverine zones are too short and shallow for D. galeata to have a stable population across seasons. The riverine zone was not sampled for the two reservoirs. Indeed, a similar genetic structure occurred across sites in Xujiahe reservoir and there was no significant correlation between Fst and geographic distance. Some earlier studies also did not detect strong population differentiation within lakes (Wolf, 1985; Carvalho and Crisp, 1987). A random spatial distribution of genotypes was detected for the haplophilic zooplankter Artemia urmiana from 15 different spatial sites in Lake Urmia, due to a lack of salinity differentiation in this lake (Eimanifar and Wink, 2013). Even without strong environmental difference between populations within a landscape, some genetic differentiation can arise due to purely stochastic processes, given the spatial separation of the two populations (Gillespie, 2004; Petrusek et al., 2013). In Liuxihe reservoir located near to the Tropic of Cancer, D. galeata had a smaller population size and poorer haplotypes than in the other reservoirs. Small effective population size increases genetic drift and population differentiation (Freeman and Herron, 2004; Vanoverbeke et al., 2007). Stochastic effects associated with hatching from resting egg banks combined with genetic drift can lead to significantly differentiated active populations, even if the genetic composition of their resting egg banks was identical (Schwentner and Richter, 2015).

The population differentiation between the two sampling sites was not permanent within any reservoir investigated here. Any spatial pattern for environmental selection can be disrupted by seasonal changes in food resources, predators, or abiotic factors (Frisch and Weider, 2010; Yin et al., 2012; Petrusek et al., 2013). Large reservoirs are commonly built for flooding control and irrigation, their water level fluctuates seasonally and largely depends on water use. Water level fluctuation was found to be an important factor influencing spatial genetic variation within a single water body (Sturmbauer et al., 2001; Nevado et al., 2013). Qiandaohu reservoir is located in the lower reaches of the Yangtze River, and its precipitation is concentrated in wet seasons, especially from March to June (Liu et al., 2020). During this period, the water level fluctuates greatly, which temporarily disrupts the established environmental gradients, increasing gene flow along the direction of water flow and weakening spatial genetic variation (Figure 6; Supplementary Figure 1). The water level fluctuation and environmental conditions tend to be stable in dry seasons, during which a longitudinal environmental gradient is established and significantly decreased gene flow and increases genetic differentiation between populations. As a result, spatial genetic structure can be detected in dry season. Interestingly, spatial genetic structure was detected in both sampling seasons in Chaishitan reservoir. The reservoir is located in Yunnan-Guizhou Plateau, and had low precipitation and water level fluctuation. A stronger spatial genetic variation was observed in the dry season. Such seasonal change in spatial variation within a water body was also observed in Rimov reservoir (Petrusek et al., 2013), in which a significant spatial differentiation of D. galeata occurred at more than half of the sampling dates. In Lake Texoma, significant spatial heterogeneity of genotype frequencies was observed in D. lumholtzi, but restricted to the summer (Frisch and Weider, 2010). The composition of D. galeata genotypes also changed seasonally. Although some clones (haplotypes) occurred in the two sampling seasons, their relative frequencies often differed (Figure 4). The frequency of each clone fluctuated on a time scale, which presumably reflected environmental change (Carvalho and Crisp, 1987). Seasonal change in environmental conditions affects competition between clones, and leads to a shift in genotype composition (Stibor and Lampert, 2000; Yin et al., 2012).



Temporal variation of genetic diversity and structure in Liuxihe reservoir

In temperate region, cyclic parthenogenetic zooplankton are characterized by high genetic diversity in the initial growing season, which is rapidly established from a dormant egg bank (De Meester et al., 2006; Rother et al., 2010). During the growing seasons, however, selection pressure and genetic drift are expected to erode genetic diversity within a population, viz., a decline in genetic diversity over time (Ortells et al., 2006). Towards the next initial growing season, genetic diversity is re-established from the dormant egg bank (De Meester et al., 2006). The local genetic diversity of D. galeata in Liuxihe reservoir did not show this theoretical erosion pattern, but seems to be a random pattern. And the genetic diversity of Liuxihe reservoir appears to peak slightly in mid or mid-late growing season, rather than in early growing season as temperate region. The main growth phase of D. galeata in tropical China was from December to July. In early spring that starts from the December, low water temperature (about 14⁰C) is suitable for the hatching of dormant eggs, and individuals quickly re-established from the egg bank (Vandekerkhove et al., 2005). During the mixing period, dormant eggs have chances to be suspended in shallow zones. The observed backward gene flow supports genotypes or clones recruited from the resting egg bank in Jan–March (Supplementary Figure 4). Genetic diversity of D. galeata in Liuxihe reservoir was not only higher but also stable from May to June. The deep zone in a reservoir usually serves as a sink that accumulates more genotypes (Yin et al., 2012). During seasonally flooding, the pelagic zone collected genotypes or clones imported from shallow waters where resting eggs may hatch. Newly established genotypes would come from upstream zones, but there was not indication that hydrological conditions could explain a higher import (Hulsmann et al., 2012). Although re-hatched from resting eggs may contribute to genetic diversity, we did not detect the backward gene flow during the flood season, at least in 2017. From June to July, the genetic diversity of D. galeata decreased with declining population abundance in Liuxihe reservoir, indicating that increasing fish predation functions as the selection pressure eroding clonal diversity (Vanoverbeke and De Meester, 2010).

Genetic variation of Daphnia populations is largely controlled by selection acting on individuals recruited periodically from dormant populations (Hembre and Megard, 2006). We detected significant seasonal variation in genetic structure in 2013 and 2017. Especially in 2013, there was large genetic differentiation (0.05 < Fst < 0.15) between most temporal populations. This seasonal differentiation may suggest recruitment and selection acting together, and which usually occurred in early or end growing season. The contribution of resting eggs to the population may profoundly altered the genetic composition of the population compared to the previous season (Hulsmann et al., 2012). In end growing season, the increasing fish population results in stronger predation pressure, which lead to genetic differentiation of Daphnia populations (Hembre and Megard, 2006). Similarly, due to intense clonal selection, the parthenogenetic population of Myzus persicae was characterized by strong and rapid change in the relative frequencies of common clones during the course of a year (Vorburger, 2006). And significant temporal heterogeneity of D. lumholtzi existed in genotype frequencies with a major shift only between summer and autumn (Frisch and Weider, 2010). Population genetic differentiation was detected between July and the other periods in 2017. Interestingly, there was no significant difference in the genetic diversity and genetic structure between years in the Liuxihe reservoir. In this case, the resting egg bank may buffer genetic diversity (Marshall, 2016; Orsini et al., 2016).



The implication for population genetics and phylogeographic studies

In our species, temporal and fine-scale genetic variations can occur within a single water body, especially in large reservoirs. Consequently, exploring population genetic structure at a regional scale requires the organisms and their populations are reasonably collected to avoid high temporal and fine-scale spatial genetic variation. In practical sampling surveys, however, the populations usually comprise the samples collected from several seasons (i.e., White et al., 2010; Xu et al., 2011; Liu et al., 2018), and such a sampling strategy might lead to an underestimation of genetic variation between spatial samples (Balloux and Lugon-Moulin, 2002). Mitochondrial COI records are more useful in gathering historical and geographic information (i.e., Hebert et al., 2003; Bekker et al., 2018), and are widely used for phylogeographic studies (i.e., De Gelas and De Meester, 2005; Bekker et al., 2018). Phylogeographic studies without sufficient sampling across a specific geographic area are prone to incomplete and spurious patterns (Avendaño et al., 2017). Such phylogeographic studies typically encompass a large scale, and thus overlook temporal variation. The sampling strategy reflects the common assumption that the observed genetic structure and diversity remain temporally stable (Garant et al., 2000; Arnaud and Laval, 2004). Genetic drift in small populations can result in significant genetic differentiation between seasonal populations (Gómez et al., 1995; Freeman and Herron, 2004; Frisch and Weider, 2010). Temporal variation of genetic diversity and clonal composition occurs commonly in our studies, and high genetic diversity was detected in the mid or mid-late of the growing season. The hierarchical AMOVA demonstrated that temporal differentiation was higher than spatial differentiation (i.e., Xujiahe reservoir). The seasonal variation between populations can possibly mask the true geographical patterns (Xiang et al., 2015). Therefore, in addition to covering large geographical ranges, phylogeographic studies also need to consider potential temporal variation, especially for those waterbodies hosting deep and rare lineages. For zooplankton of cyclical parthenogens, samples are suggested to be collected in early or the mid of the growing season in exploring population genetics and genetic diversity under limited resources. Local environmental variables that were ignored in the present survey are strongly suggested to be recorded and measured for examining the expected environmental selection.
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Flow reduction has greatly affected the river ecological systems, and it has attracted much attention. However, less attention has been paid to response to flow restoration, especially flow restoration in gradient. Flow regime of rivers may affect river functional indicators and microbial community structure. This study simulated the ecological restoration of the flow-reduced river reach by gradiently controlling the water flow and explores the ecological response of environmental functional indicators and microbial community structure to the water flow. The results showed that gross primary productivity (GPP), ecosystem respiration rate (ER) and some water quality indices such as chemical oxygen demand, total nitrogen, and total phosphorus (TP), exhibited positive ecological responses to flow restoration in gradient. GPP and ER increased by 600.1% and 500.2%, respectively. The alpha diversity indices of the microbial community increased significantly with a flow gradient restoration. Thereinto, Shannon, Simpson, Chao1, and Ace indices, respectively, increased by 16.4%, 5.6%, 8.6%, and 6.2%. Canonical correspondence analysis indicated that water flow, Dissolved oxygen and TP were the main influencing factors for changes in bacterial community structure. Microbial community structure and composition present a positive ecological response to flow restoration in gradient. This study reveals that the main variable in the restoration of the flow-reduced river reach is the flow discharge, and it provides a feasible scheme for its ecological restoration.
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 flow-reduced river reach, ecological response, eco-hydrology, flow restoration, microbial community


Introduction

Human activities such as dam construction, water diversion and water transfer, have resulted in a substantial reduction (over 80.0%) of the flow of some river sections or even drying, forming flow-reduced river reach in the lower reach of many hydroelectric projects globally (Chen and Olden, 2017; Grill et al., 2019). Previous studies have shown that the hydrological regime of the flow-reduced reaches have changed significantly, resulting in serious degradation of the structure and function of the river ecosystem (Thieme et al., 2020; Zahedi et al., 2021, 2022). Tonkin et al. (2018) found that maintaining water flow regime would overcome the negative consequences of flow alteration on river ecosystems. Therefore, the ecological problem of the flow-reduced river reach has attracted extensive attention from all over the world. Scientifically restoring the environmental flow of the flow-reduced river reach and maintaining the integrity of the ecosystems in the flow-reduced reach have been an urgent problem that needs to be solved. Poff and Schmidt (2016) pointed out that the ecological and social functions of some degraded rivers can be restored to a certain extent by adjusting the discharge flow. However, the mechanistic relationship between water reduction and ecological microbial structure changes remains unclear. The ecological response of hydrological regime restoration is still unclear, resulting in a lack of theoretical basis for ecological flow restoration.

Water resources departments and researchers globally have conducted a lot of monitoring and research on the ecological responses of algae and aquatic plant populations and environmental functional indicators in the lower reach of the flow-reduced river. Dewson et al. (2007) carried out in-situ water reduction experiments, and found that there was a significant relationship between the retention rate of organic matter and flow. Flinders and Hart (2009) studied the response of harmful attached algae to pulse floods through field tank experiments and obtained a quantitative relationship between flow changes and attached harmful algal biomass. James and Suren (2010) and Song et al. (2022) studied the response of the microbial community to the reduction of flow gradient and found that flow was the key factor affecting the biomass of the microbial community. It can be seen the water flow in the flow-reduced river reach may be one of the main indicators affecting the restoration of the microbial community. However, current research mainly focuses on the response or ecological effects of river reaches to flow reduction. Few studies have been reported on experiments on the response of flow-reduced river reach to flow restoration.

Microbial communities in aquatic ecosystems are exceedingly sensitive to changes in the living environment (Moitra and Leff, 2015; Falfushynska et al., 2019). Alteration of microbial communities can response alteration of ecosystem structure and function (Woodhouse et al., 2016; Cai et al., 2017). Flow regime of rivers may affect river functional indicators and microbial community structure. These functional indicators are important indicators to indicate the healthy and operation of the ecosystem, such as gross primary productivity (GPP) and ecosystem respiration (ER). Therefore, in this study, the actual river water was diverted into the simulated flume, and a flow gradient restoration was simulated by controlling the flow rate of each section. That is used to explore the impact of flow restoration on environmental functional indicators and microbial community structure in ecosystems. The aims are to (1) reveal the ecological response of bacterial community structure and environmental functional indicators with a flow gradient restoration (2) explore the feasibility of the ecological restoration of flow-reduced river reach by controlling water flow. Furthermore, it provides a better solution for ecological restoration of the flow-reduced river reach.



Materials and methods


Sampling location and simulation process

This study was conducted downstream of the Yongding River Small Hydropower Station in Yuyuan, Beijing, China. A 30 meters long simulated water flume was constructed nearby (Figure 1). Eight water pumps were placed at the bottom of the Yongding River to pump water above the simulated flume. The flow velocity (Fv) is adjusted to control the flow regime, by the same cross-sectional area of the flume. The Fv from S1 to S4 is increasing in gradient (The Fv information is shown in Table 1). The water flow into each section (four different flow velocities) of the simulation flume was controlled by four valves. S1–S4 represented sampling points for four different gradient flow stages in the simulated flume.

[image: Figure 1]

FIGURE 1
 Process diagram of simulated water flume experiment.




TABLE 1 Water quality index after the restoration of flow in gradient.
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Samples collection

Water samples were collected from each sample point with a water collector and collected in 150 ml polyethylene bottles. The water samples were then filtered through Whatman GF/F filters (0.22 μm pore size), stored at <4°C (without freezing) and physicochemical parameters were determined within 24 h.



Environmental function indicators analysis

Chlorophyll-a (Chla) testing from germinating algae was collected on artificial substrates with S1–S4. Four groups of artificial substrates were placed in two rows in the central area of each experimental interval and marked. One group of artificial substrates was randomly selected, and 10 cm2 of borne algae were scraped successively with a toothbrush in each group of artificial substrates, rinsed with distilled water into 500 ml wide-mouth plastic bottles, and brought back to the laboratory for testing. The above indicators were analyzed by Quasi-Dual Beam UV–Vis Spectrophotometer (DR6000, Hach Co., Ltd., USA). The single-station open-channel oxygen method was used for characterizing GPP and ER (Hall and Hotchkiss, 2017).



Physicochemical analyses

pH, dissolved oxygen (DO), total dissolved solids (TDS), water resistivity (ρ) and other parameters were measured on-site using the Multi 3,630 IDS (Xylem inc., Germany) portable multi-parameter meter. Samples for total phosphorus (TP), total nitrogen (TN), total sulfur (TS), permanganate index (CODMn), nitrate (NO3−), nitrite (NO2−), ammonia nitrogen (NH₄+) and chlorophyll a (Chla) were analyzed by the China Ministry of Water Resources Water Quality Supervision, Inspection and Testing Center. Fv was monitored using a Portable Flow Calculator (LS002280, Nanjing Xiangruide Electric Technology Co., Ltd., China).



DNA extraction and sequencing data analysis

The 1 l water sample was collected by a water collector from the downstream to the upstream. The water samples below the water surface 5 cm were collected in sequence, and the water samples were brought back to the laboratory for 30 min (to reduce the interference of sediments and algal biofilm microorganisms on the samples). The four water samples were suction filtered (0.22 μm glass fiber membrane), and the filter membranes were the microbial community samples. It was transported to Beijing Nuohezhiyuan Technology Co., Ltd. in ice packs. DNA was extracted using the CTAB method (Hultman et al., 2015). The primers 515F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) were used to amplify the V3–V4 region of the bacterial 16S rRNA gene. High-throughput sequencing analysis of the bacterial rRNA genes was performed using Novomagic, a free online platform for data analysis platform1. The entire Effective Tags of all samples are clustered using the Uparse algorithm (Uparse v7.0.10012), and by default the sequences are clustered with 97.0% consistency (Identity) into OTUs (Operational Taxonomic Units), while a representative sequence of OTUs will be selected, based on the principle of its algorithm, the sequence with the highest frequency of occurrence in OTUs is selected as the representative sequence of OTUs. Species annotation of OTUs sequences was analyzed by the Mothur method with the SSUrRNA database from SILVA1383 for species annotation (setting a threshold of 0.8 to 1) to obtain taxonomic information and separately at each taxonomic level: kingdom (boundary), phylum, class, order, family, genus, species, and the community composition of each sample. Rapid multiple sequence matching was performed using MUSCLE (Version 3.8.314) software to obtain the phylogenetic relationships of all OTUs representative sequences. Finally, the data of each sample were homogenized, and the least amount of data in the sample was used as the criterion for homogenization, and the subsequent Alpha diversity analysis and Beta diversity analysis were based on the homogenized data.



Statistical analysis

This study uses water flow as the main variable to explore the ecological responses of other environmental factors. The response indicators screened in this study were GPP and ER. These water quality indexes were analyzed by Spearman correlation. Canonical correspondence analysis (CCA) was performed using the vegan package to identify environmental variables mainly associated with changes in bacterial community structure. Louca et al. (2016) classified the ecological functions of bacteria and archaea in the environment by using the published literature evidence and then compiled the FARPOTAX database. Based on the annotation results of amplicon species, researchers can map prokaryote branches (such as genera or species) to establish metabolism or other ecological-related functions. α-diversity was estimated with the community richness indices (Ace, Chao), the community diversity indices (Shannon, Simpson), Good coverage and Sequence number. The data from this study are statistically analyzed and plotted by Origin 2021 pro.




Results


Response of functional indicators and water quality indexes to alter flow in gradient

The environmental functional indicators of this study were selected as the metabolic indicators of the river, GPP and ER (Figure 2). GPP and ER showed a gradual upward trend with the gradient restoration of water flow. The GPP and ER of S4 sampling point are 6.98 and 5.15 times that of S1, respectively.

[image: Figure 2]

FIGURE 2
 Responses of river metabolism indicators with flow changes. (A) Ecosystem respiration; (B) Gross primary production.


The characteristics of water quality indexes and Spearman correlation analysis of the four sampling points with increasing Fv gradient in the simulated flume are shown in Table 1 and Figure 3. The TDS and ρ of the four sampling points remained the same with the Fv of the gradient increasing. With the increase of flow gradient, the two environmental function indicators of pH and Chla showed a significant positive linear correlation (Spearman analysis, p < 0.05). However, NO3− concentration showed a significant negative liner correlation (Spearman analysis, p < 0.05). In addition, TN, TP, TS, NO2−, NH₄+ and COD showed a certain negative correlation with water flow. The results of the comprehensive environmental water quality index show that with flow gradient restoration, the indicators in the simulated flume showed relatively positive ecological response, gradually improving the water quality (Mu et al., 2020).

[image: Figure 3]

FIGURE 3
 Spearman correlation heat map of environmental functional factors and Fv (* means the significant correlation between the two indicators, p < 0.05).




Response of microbial community structure, richness, and diversity to gradient flow

After chimera removal and filtering, a total of 264,780 sequences were obtained from Illumina NovaSeq sequencing. The sequencing depth coverage of each sample exceeded 99.5%, proving that 99.5% of the microbial species in the four samples had been identified. The results showed that the coverage was sufficient to support the subsequent analysis of microbial community structure (OTU cluster, Alpha diversity analysis, etc.) (Zhu et al., 2022). The Alpha diversity index was listed in Table 2 and the number of OTUs in Figure 4A. The Spearman analysis of Figure 4D intuitively shows that, with the gradient of water flow, the microbial diversity indices, including community richness indices (Ace and Chao), community diversity indices (Shannon and Simpson), and the number of OTUs, showed significant positive liner correlation (Spearman analysis, p < 0.05). Specifically, when the flow gradient was restored to the S4 stage, the community richness, diversity and the number of OTUs of the microbial community were the largest, the Chao index increased from 915.829 to 994.853, the Shannon index increased from 0.887 to 0.945 and the number of OTUs increased from 812 to 909. In addition, the difference of OTUs levels is shown in Figure 4A, with 1952 OTUs clustered in four different water flow samples and 94,139,145,191 unique OTUs belonging to S1, S2, S3, and S4 samples, respectively. Core 453 OTUs (23.5% of total OTUs) were shared by these microbes in these sampling sites (Figure 4C). The species composition structure of the four samples was analyzed by PcoA (Figure 4B). The close distance between S1 and S2 (Group 1) indicates that the species composition structure of the two was relatively similar. However, while S3, S4, and S1 by Bray-Curtis distance algorithm showed that the three distances were far away, so 3 microbial communities (Group 1, S3, and S4) were quite distinguished. This indicated that there were large differences among the four samples, further supporting the validity of the richness and diversity of the microbial community. The results showed that the indicators of the microbial community structure performed excellent ecological response to a gradient restoration of the water flow, and the richness and diversity of the community were restored steadily.



TABLE 2 Alpha diversity indexes of microbial community in each sampling site.
[image: Table2]
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FIGURE 4
 (A) Venn diagram of common and unique OTUs present in microbial communities under different water flow conditions; (B) PcoA analysis of OTUs (distance algorithm: Bray-Curtis); (C) Flower figure, each petal represents a sample, different colors represent different samples, the core number in the middle represents the number of OTUs common to all samples, and the number on the petal represents the number of OTUs unique to the sample. (D) Spearman correlation heat map of Alpha diversity index and flow velocity (* means significant correlation between the two indicators, p < 0.05).


Phylogenetic classification results showed 44 bacterial phyla in total samples, including 59 classes, 129 orders, 221 families and 369 genera. The bacterial community composition at the phylum level in samples was shown in Supplementary Figure S1. Overall, the bacterial communities in the simulated flume were dominated by Proteobacteria, Firmicutes, and Bacteroidetes which were widespread in other freshwater rivers (Mou et al., 2013; Zemskaya et al., 2022). In our study, these three phyla remain stable with mean relative abundances of 78.0%, 6.4%, and 3.8%, respectively. In contrast, with the restoration of the gradient of water flow, the relative abundance of Cyanobacteria showed a significant decrease from 8.06% in S1 to 1.0% in S4 gradually. However, the relative abundance of other phyla (except for the relative abundance of TOP 10) gradually increased from 2.0% to 5.3%, indicating that the restoration of water flow promotes the gradual increase of the number of phyla and the diversity of microbial community species.

At the genus level, the bacterial community structure has been analyzed in more detail using a heat map of the top 40 genera. To better characterize the response of microbial communities from different water flow samples. As shown in Supplementary Figure S2, in the S1–S4 bacterial groups the dominant genera were Undibacterium and Acidovorax, with an average relative abundance of 22.4 and 19.1%, respectively. However, the relative abundances of Undibacterium and Acidovorax in S4 were 12.2% and 17.6% with flow restoration in gradient. In addition, the genus clustering heat map showed that emerging clustering bacteria genera appeared in the S4 samples, such as Enterococcus, Bdellovibrio, Hyphomicrobium, Acidaminococcus, Bosea, Sutterella, Coprococcus, Pseudomonas, Methylophilus, Methylotenera, Blautia, and Faecalibacterium. These emerging genera were more clustering and more abundant than the other three groups of samples. The relative abundance of other genera except for TOP 40 from S1 to S4 increased from 18.0% to 26.5%. From the mean relative abundance in all samples, the results showed that Undicbacterium and Acidovorax acted as the dominant genera in Yongding River when the water flow was reduced. With flow gradient restoration, each genus gradually prosperity, showing positive ecological response at the genus level.



Response of bacterial community to water quality indicators

CCA was conducted to determine the primary environmental variables associated with changes in the bacterial community structure (Figure 5). The first two axes explain up to 57.5% of CCA1 and 29.2% of CCA2 of the total variation in the bacterial community structure, indicating that the selected environmental indicators drive the differences in bacterial community structures. All the environmental indicators investigated, Fv (R2 = 0.986, Pr = 0.125) obviously have the most significant influence on the bacterial community, and most variances can be explained by TP (R2 = 0.955, Pr = 0.167) and DO (R2 = 0.529691, Pr = 0.75). In the CCA ranking diagram, the arrows of Fv have the longest length, indicating that the correlation between Fv and community distribution and species distribution was the largest. In short, water flow has a greater impact on bacterial community diversity and is the main indicator affecting bacterial community changes in the simulated flume. It is further proved that flow restoration in gradient obtains a positive response of microbial community structure.
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FIGURE 5
 CCA Plot of the relationship between environmental indicators and the microbial community at the genus level (Note: There were too many indicators associated with the microbial community, many of which were autocorrelated. Therefore, only the environmental indicators that have a greater impact on the microbial community were retained).




Response of microbial community FAPROTAX functional prediction to flow in gradient

Community prediction analysis using FAPROTAX was conducted to determine the function of the observed bacterial community and ecological environment. In the four samples, with a flow gradient restoration, differences in community and ecological functions occurred (Figure 6). Based on the Prokaryotic Functional Annotation (PFA) database, more than 80 functional classifications were obtained, such as element cycling, microbial autotrophy and heterotrophy, animal and plant pathogens, fermentation and nitrate respiration, etc. In these four samples, the microbial functions were mainly chemoheterotrophs (38.3%), nitrate reduction (3.6%), chloroplasts (3.2%) and nitrogen respiration (2.9%). The heat map shows the dynamics of bacterial and ecological functions at the four sampling points (Supplementary Figure S2). FAPROTAX function prediction showed that in the S1 stage, the diversity of the microbial community was low, the biological functions of chloroplasts and nitrogen fixation were dominant, and the community was in the early stage of water ecosystem restoration. In the S4 stage, the microbial community not only has basic functions but also has the functions of nitrate reduction, nitrogen respiration, nitrate respiration and fermentation to regulate the aquatic ecological environment. In short, the gradient boost of flow can accelerate the restoration of water ecosystem function.

[image: Figure 6]

FIGURE 6
 FAPROTAX analysis heat map (predicting the function of bacterial communities).





Discussion

In this study, we simulated a flow gradient restoration in the flow-reduced river reach, performed high-throughput sequencing of microbial communities to explore the response of bacterial communities to water flow, and examined the response of water quality index to water flow. The alpha diversity results of 16s rRNA high-throughput sequencing indicated that the bacterial community structure generally showed a positive ecological response to a flow gradient restoration. In aquatic ecosystems, microorganisms play an important role and are sensitive to changes in freshwater flow (Bunn and arthington, 2002; Poff et al., 2007). This study focuses on the effects of flow on biodiversity, community structure and composition. The alpha diversity index is a commonly used indicator to reflect the species abundance and diversity of microbial communities (Erős et al., 2020; Meng et al., 2021; Qin et al., 2021). From the perspective of the Alpha diversity index, the number of OTUs, Ace, Chao, Shanoon and Simpson indices of the bacterial community had significant differences with the restoration of the gradient of water flow. It further proves that the microbial ecosystem in flow-reduced river reaches are dysfunctional, and needs to regulate water flow to maintain the microbial ecosystem properly. In addition, the improvement of the alpha index of the bacterial community may be specifically attributed to the fact that the increase in water flow accelerates the material exchange between the bacterial community and the water column, which promotes microbial metabolic proliferation (Tsai et al., 2013; Algarte et al., 2017). Microbial community structure showed positive ecological response with a flow gradient restoration, and the richness and diversity of the community were restored steadily. The alpha diversity index can be a useful tool for researchers to assess the microbial ecosystem in flow-reduced river reaches.

At the phylum level, the dominant phyla of the bacterial community in the simulated flume were Proteobacteria, Firmicutes, Bacteroidetes and Cyanobacteria. The sequencing results are similar with the results of bacterial community structure in many freshwater rivers, and the overall structure is consistent with the structural composition of typical bacterial communities in freshwater rivers (Zhang W. et al., 2022; Zhang Z. et al., 2022; Obieze et al., 2022). Proteobacteria have excellent adaptability and survival ability (Tang et al., 2021; Feng et al., 2022), can remove nitrogen and phosphorus while utilizing organic matter (Chen et al., 2021; Ren et al., 2022), and are widely distributed in aquatic ecosystems (Stevens et al., 2005; Ghate et al., 2021; Wang et al., 2022). Most of the common denitrifying bacteria in sewage treatment belong to Proteobacteria, which is an important bacterial phylum for removing excess nitrogen from aquatic ecosystems (Yu et al., 2020; Zya et al., 2021). Furthermore, Firmicutes have excellent cell wall strength, which also makes them relatively abundant under extreme conditions (Alalawy et al., 2021; Yin et al., 2021). In this study, Proteobacteria dominated the community structure (78.0%), the second dominant phylum was Firmicutes (6.4%), and the second dominant phylum in conventional rivers was Bacteroidetes or Actinobacteria (Newton et al., 2011; Liu et al., 2012; Qian et al., 2021). Another study found that the relative abundance of Firmicutes in freshwater aquatic ecosystems is generally less than 1.0%, and the relatively high abundance may be caused by animal fecal contamination (Vadde et al., 2019). With a flow gradient restoration, the relative abundance of Proteobacteria began to decrease from 78.0% to 75.5%. Compared to S1, new bacterial phyla began to be detected in S4, such as Bdellovibrionota, Campylobacterota, and Myxococcota, etc. We hypothesize that the increased water flow improved the water quality conditions. That is why new bacterial phyla or phyla with low relative abundance have been identified. In short, in the early stage of aquatic ecosystem restoration, Proteobacteria and Firmicutes with strong adaptability and survivability dominated. With the improvement of water flow and the gradual restoration of aquatic ecosystems, the overall structure of bacterial phyla tends to be diverse and comprehensive.

At the genus level, the genera with the highest relative abundance at each sampling point were Undibacterium (22.4%) and Acidovorax (19.1%), both belonging to Gammaproteobacteria. Undibacterium and Acidovarax are commonly used in municipal sewage treatment plants to remove carbon, nitrogen, phosphorus, sulfur and other elements in pollutants from water bodies in the form of microbial biomass (Qiu D. et al., 2021). It shows that the water quality conditions of the water body drained from the river were in a state of eutrophication. From the cluster heat map of bacteria and genus, the sampled genera clustered together, and with a flow gradient restoration, the clustering of genera was changed significantly. Through CCA analysis, it was determined that the main environmental variable related to the change of bacterial community structure was water flow, and the positive response of the bacterial community to water flow also promoted the positive response of other environmental water quality indices.

Many studies have shown that water flow, regarded as the main variable (Arthington et al., 2006; Poff and Zimmerman, 2010), underpins the basic functioning of river ecosystems. River metabolism can comprehensively reflect the photosynthesis of the primary and the respiration of the oxygen consumers of the ecosystem and is closely related to the hydrology, water quality, meteorology and other factors of the river basin. Therefore, the river metabolism can comprehensively reflect the function of the river ecosystem (Fellows et al., 2006). The river ecosystem (GPP and ER) is showing a positive ecological response to the restoration of flow. A variety of water quality indexes such as pH, DO, TN, TP TS, etc. in the water body can respond to the reduction of water flow (Colangelo, 2007; Staley et al., 2015; Joshi et al., 2017). However, studies on the responses of environmental water quality index to increases in water flow have been not comprehensive. In the cluster heat map, it was found that the relative abundance of Hydrogenophaga at the S2 sampling point was higher under its action, and the water pH was improved. The increase of Chla content is related to the eutrophication of the water body. The excessive organic matter in the water body leads to the growth of green algae, thereby increasing the Chla content in the water body (Zou et al., 2020; Qiu Q. et al., 2021). This also explains the reduction in DO below, as the growth of algae consumes DO in the water (Misra et al., 2011). However, NO3− has a significant negative linear correlation with water flow, which is related to the Proteobacteria flora that can denitrify as mentioned above. In addition, TN, TP, TS, NO2−, NH₄+ and COD, excepted for DO, showed a negative correlation trend with water flow. The reduction of these indicators is related to the physical conditions of water flow on the one hand, and the metabolic decomposition of the microbial community on the other hand. The reduction in these water quality indicators also verifies that the increase in alpha diversity of the microbial community in the previous section is due to the acceleration of microbial proliferation and metabolism by the increase in water flow. To sum up, with a flow gradient restoration, the environmental function factors showed a relatively positive ecological response, and the water quality situation was improved.

With a flow gradient restoration, the microbial community structure and water quality conditions continue to improve. The microbial community not only has the function of basic element circulation but also has the functions of nitrate reduction, nitrogen respiration and fermentation to regulate the aquatic ecological environment. In short, from the perspective of microbial geophysicochemical element cycling, microbial community functions also have excellent ecological responses to water flow.



Conclusion

In this study, we simulated the ecological response of environmental water quality index with a flow gradient restoration in the flow-reduced river reach and analyzed the response of the microbial community structure in the simulated flume by high-throughput sequencing technology based on 16 s rRNA. The results showed that the functional indicators GPP and ER, and the environmental water quality index pH, Chla, TN, TP, TS, NO3−, NO2−, NH₄+ and COD of aquatic ecosystems all exhibited positive ecological responses to water flow, except for DO. In the early stage of water flow restoration, the bacterial community diversity in the water environment was relatively high. The dominant bacterial phyla at the phylum level were Proteobacteria, Firmicutes, Bacteroidetes and Cyanobacteria. The dominant bacterial genera were Undibacterium and Acidovarax. These genera actively responded to changes in water flow and synergized with water flow to affect other environmental water quality indexes, promoting the improvement of water quality conditions. CCA analysis indicated that water flow, DO and TP were the main influencing factors for changes in bacterial community structure. The FAPROTAX function predicts that in the early stage of ecosystem restoration, bacterial communities first focus on basic biological functions, and then restore or adjust water environmental conditions through other microbial functions. In conclusion, this study revealed that water flow is the main indicator for the restoration of flow-reduced river reach, and studied the composition of bacterial communities and the ecological response of environmental functional factors and bacterial community structure to water flow. It lays a theoretical foundation for the ecological restoration of the flow-reduced river reach.
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Planktonic microorganisms play an important role in maintaining the ecological functions in aquatic ecosystems, but how their structure and function interrelate and respond to environmental changes is still not very clear. Damming interrupts the river continuum and alters river nutrient biogeochemical cycling and biological succession. Considering that river damming decreases the irregular hydrological fluctuation, we hypothesized that it can enhance the ecological functional stability (EFS) of planktonic microorganisms. Therefore, the community composition of planktonic bacteria and archaea, functional genes related to carbon, nitrogen, sulfur, and phosphorus cycling, and relevant environmental factors of four cascade reservoirs in the Pearl River, Southern China, were investigated to understand the impact of damming on microbial community structure and function and verify the above hypothesis. Here, the ratio of function to taxa (F:T) based on Euclidean distance matrix analysis was first proposed to characterize the microbial EFS; the smaller the ratio, the more stable the ecological functions. The results showed that the reservoirs created by river damming had seasonal thermal and chemical stratifications with an increasing hydraulic retention time, which significantly changed the microbial structure and function. The river microbial F:T was significantly higher than that of the reservoirs, indicating that river damming enhances the EFS of the planktonic microorganisms. Structural equation modeling demonstrated that water temperature was an important factor influencing the relationship between the microbial structure and function and thus affected their EFS. In addition, reservoir hydraulic load was found a main factor regulating the seasonal difference in microbial EFS among the reservoirs. This study will help to deepen the understanding of the relationship between microbial structure and function and provide a theoretical basis of assessing the ecological function change after the construction of river damming.

KEYWORDS
 river damming, planktonic microorganism, microbial taxonomy, functional gene, ecological functional stability


Introduction

Microorganisms play a key role in driving elemental biogeochemical cycles. In the long-term evolution, via lateral gene transfer, a set of core genes remain relatively stable among different microbial taxa to code the major redox reactions related to the biogeochemical cycles of nutrients (Falkowski et al., 2008). Meanwhile, microorganisms have evolved enormous species diversity as well. Therefore, the relationship between structure and function of microbial community and relevant mechanisms maintaining ecosystem stability have been hot issues in ecology (Sutherland et al., 2013). Nowadays microbial community assembly is well known to be affected not only by environmental filtering and biotic interaction (that are deterministic processed based on niche theory), but also by some random events, including drift, extinction, and mutation (that are stochastic processes based on neutral theory; Hubbell, 2006; Stegen et al., 2012; Zhou et al., 2014). Microbial functional traits are measurable characteristics that impact their fitness and performance and can be recognized across the biological hierarchy of gene, organism, guild, and community (Yang, 2021). The traits are widely used to understand the ecological functions (e.g., resource acquisition, growth, reproduction and survival) of microorganisms (Litchman and Klausmeier, 2008; Martini et al., 2021). Compared with microbial community assembly, the functional traits show more strongly relevant to deterministic processes. For example, in the Tara Ocean, environmental conditions can predict functional traits of bacterial and archaeal communities very well, but weakly predict their taxonomic composition (Longhi and Beisner, 2010; Louca et al., 2016). As such, environmental conditions can affect ecosystem functioning by influencing either microbial taxonomic composition or microbial functional traits (Allison and Martiny, 2008; Abonyi et al., 2018; Wagg et al., 2019; Hong et al., 2022). Therefore, it is one-sided to predict ecosystem functioning by just considering the response of microbial taxonomic composition (or functional traits) to environmental changes, and only jointly investigating the structure and function can systematically understand ecosystem functional redundancy and/or resilience to perturbations (Martini et al., 2021).

Since the Industrial Revolution, anthropogenic activities, as a new geological force, have become an important power shaping the earth’s environment and surface evolution (Lewis and Maslin, 2015). Nowadays damming is the most significant anthropogenic disturbance to rivers, and approximately 70% of the world’s rivers have been dammed (Grill et al., 2019), which has greatly changed the ecological environment of rivers. Dams interrupt the river continuum, increase the retention time of water and nutrients, and alter nutrient cycling and biological succession (Wang B. et al., 2018; Wu et al., 2019; Maavara et al., 2020; Xiao et al., 2021). Reservoirs created by damming are influenced by anthropogenic regulation with their own specific ecological characteristics, such as seasonal thermal, chemical, and biological stratifications, and damming effects become a hot ecological issue (Maavara et al., 2020; Wang B. et al., 2022). As for the aspect of river planktonic microorganisms, many studies focused on the microbial biogeographic distribution pattern and its controlling mechanisms, rather than microbial functional traits (Wang X. et al., 2018; Nyirabuhoro et al., 2020; Yang et al., 2020; Lu et al., 2022). As such, it is unclear for the relationship between structure and function of microbial community in dammed rivers nowadays. Considering that dam reservoirs can regulate the disordered hydrological rhythms of rivers, we hypothesized that river damming can enhance the ecological functional stability (EFS) of planktonic microorganisms.

Therefore, the community composition of planktonic bacteria and archaea, functional genes related to carbon (C), nitrogen (N), sulfur (S), and phosphorus (P) cycling, and relevant environmental factors of four cascade reservoirs with different hydrological conditions and their inflowing and released waters in the Pearl River, Southern China, were investigated to verify the above hypothesis. The main aims of this study are to identify the environmental factors affecting the microbial community structure and function in dammed rivers and to understand the impact of damming on the planktonic microbial EFS. This study will help to deepen the understanding of the relationship between microbial community structure and function and provide a theoretical basis on assessing the river ecological function change after the construction of dam reservoirs.


A proposed conceptual framework

Functional genes are an important parameter characterizing microbial functional traits at a molecular level, and different microbial species can have genes with the same or similar functions. For example, both ammonia-oxidizing archaea (e.g., Thaumarchaeota and Crenarchaeota) and bacteria (e.g., Proteobacteria and Bacteroidetes) contain amoA gene that is involved in N-cycling (Yakimov et al., 2011; Auguet et al., 2012). These ecological incoherencies lead to functional similarity among taxonomically distinct microorganisms and beget functional redundancy to buffer ecosystem functioning against species loss, finally maintaining the stability of ecosystems (Allison and Martiny, 2008; Louca et al., 2018; Yang, 2021). Based on the theory of functional redundancy, we proposed a dimensionless ratio of function (F) to taxa (T) based on Euclidean distance matrix analysis (i.e., F:T) for quantifying microbial EFS in reservoir ecosystems. The F:T ratio represents the degree of relative change for microbial function in comparison with structure, via comparing Euclidean distance of function (i.e., functional composition) with that of microbial taxa (i.e., composition of archaea and/or bacteria; Figure 1). Obviously, the synchronous variations in function and community structure mean F:T = 1. When F:T is less than 1, the larger variation in microbial taxa is compared with the smaller variation in function, indicating that multiple taxa govern the same or similar ecological functions. These replaceable microorganisms can take turns to perform the ecological functions against the disturbance of species loss. The disturbance under this situation will have slight influence on ecological functions, and ecosystems are thus ensured strong stability (Louca et al., 2018; Biggs et al., 2020). The smaller the ratio, the more stable the ecological functions. When F:T is more than 1, the smaller variation in microbial taxa in comparison with the larger variation in function suggests that species loss could strongly influence multiple related ecological functions, and the stability of ecosystems is relatively low (Figure 1).

[image: Figure 1]

FIGURE 1
 Three scenarios of the relationship between microbial structure and function. Circles and hexagons represent the function categories and taxonomies, respectively. The arrows between the above two indicate the ecological function performed by microorganisms. Difference color fillings indicate different types of function categories or taxonomies. F:T, the ratio of functional pathway to microbial taxa-based Euclidean distance. The red lines and frames indicate the influenced portions by environmental stresses, and thus F:T < 1 means strong ecological functional stability (the other details refer to the text).





Materials and methods


Study area and sampling

The Pearl River in southern China has a subtropical monsoon climate, with average annual temperature and precipitation of 14–22°C and 1,200–2,200 mm, respectively. The inflowing, reservoir, and released waters were sampled in August and December 2019 for four hydropower reservoirs (Figure 2), of which the Chaishitan reservoir (CST) is the leading reservoir in the upper reaches of the Pearl River, and the Longtan reservoir (LT), Yantan reservoir (YT), and Dahua reservoir (DH) are located successively on the river. Water samples were taken at different depths: CST at the depth of 0, 5, 10, 15, 30, and 55 m, LT at the depth of 0, 5, 10, 15, 30, 60, 80, and 140 m, YT at the depth of 0, 5, 10, 15, 30, and 50 m, and DH at the depth of 0, 5, 10, 15, and 25 m, respectively. Other water samples were obtained from the surface waters. The detailed information of sampling sites was listed in Supplementary Table 1. Water temperature (WT), pH, and dissolved oxygen concentration (DO) were determined in situ by an automated multiparameter profiler (YSI, EXO1, United States) with precorrection. Photosynthetic efficiency (i.e., effective quantum yield, yield) and chlorophyll a concentration (Chl a) were measured by a phytoplankton analyzer (Phyto-PAM, Walz, Germany). Water samples were filtered through 0.45 μm Millipore cellulose acetate membranes, and the filtered waters were collected in 60 ml plastic bottles and stored at 4°C for measuring nutrient concentrations. The samples of 16S rRNA and functional genes were collected using 0.22 μm Millipore cellulose acetate membranes and stored at-20°C for the extraction of DNA; the filtered waters were collected in 15 ml centrifuge tubes and stored at 4°C for measuring cation and anion concentrations and dissolved strontium (Sr) concentration. All samples were treated within 12 h after sampling.
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FIGURE 2
 Sampling sites and locations in the Pearl River basin, Southern China. The full names of reservoirs refer to the text.




Measurement of physical and chemical parameters

Cation and anion concentrations (e.g., Na+, K+, Mg2+, Ca2+, Cl−, SO42−, and NO3−) were determined by ion chromatography (ICS-5000, Thermo Fisher, United States). The Sr concentration was determined by inductively coupled plasma mass spectrometer (ICP-MS, Agilent, United States) with 0.01 mg L−1 detection limit. Nutrient concentrations, including nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), ammonia nitrogen (NH4-N), phosphate phosphorus (PO4-P), and dissolved silicon (DSi), were measured by Skalar (SAN++, the Netherlands) with detection limits of 0.01 mg L−1, 0.005 mg L−1, 0.02 mg L−1, 0.02 mg L−1, and 0.02 mg L−1, respectively. The concentration of dissolved inorganic nitrogen (DIN) was the sum of NO3-N, NO2-N, and NH4-N concentrations. The concentration of dissolved inorganic phosphorus (DIP) was referred to PO4-P concentration. Total alkalinity (ALK) was determined by titration with HCl. The dissociation constants for carbonic acid were calculated by the temperature and corrected by ionic strength (Stumm and Morgan, 1983; Maberly, 1996). The concentrations of CO2, HCO3−, and CO32-were calculated using ALK, pH, and corrected dissociation constants. The concentration of dissolved inorganic carbon (DIC) is the sum of the above three ionic concentrations.



Gene sequencing and qPCR for specific genes

The total DNA of sample was extracted by E.Z.N.ATM Water DNA Kit (OMEGA, United States) according to manufacturer’s protocols. The concentration and purity of DNA were determined by Multiskan GO (Thermo Fisher, United States). The details for DNA extraction are referred to Wang et al. (2021). The V4 region of 16S rRNA sequencing for archaea and bacteria was performed on Illumina NovaSeq 6,000 platform at Meige Technology Co., Ltd., Guangzhou, China. The 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) were used as primers for bacteria. The Arch340F (CCCTAYGGGGYGCASCAG), Arch1000F (GGCCATGCACYWCYTCTC), Uni519F (CAGYMGCCRCGGKAAHACC), and Arch806R (GGACTACNSGGGTMTCTAAT) were used as primers for archaea. Raw fastq data were quality-filtered using Trimomatic (Bolger et al., 2014) to remove contaminating adaptors and short length reads (<200 bp). The overlapping paired-end reads with sequence mismatching < 5 bp and alignment similarity > 90% were merged using FLASH (Magoč and Salzberg, 2011). Operational taxonomic units (OTUs) were clustered in UPARSE software at 97% consistency level (Edgar, 2013). Singleton and doubleton OTUs representing sequencing errors were removed, and the representative OTUs with the highest occurrence frequency were assigned using Silva, RDP, and Greengenes (Lan et al., 2012). To equalize sequencing depth, each sample was rarefied to the minimum sequencing depth, and sequence normalization was performed using MOTHUR v.1.33.3 (Schloss et al., 2009). The raw data of 16S rRNA sequencing was deposited in NCBI SRA database with the accession numbers of PRJNA874581, PRJNA874587, PRJNA874586, and PRJNA874582.

The extracted particulate DNA was subjected to real-time quantitative polymerase chain reaction (qPCR) to quantify the functional gene abundance related to C-, N-, P-, and S-cycling. The qPCR for specific genes was conducted by a commercial service at Meige Technology Co., Ltd., Guangzhou, China. The ranges of qPCR efficiency were 95%–110%.



Statistical analysis

Plotting was conducted by Origin 2021. The statistical analyses were performed by R software [version 4.1.2, (R Core Team, 2021)]. Pearson’s correlation analyses were conducted using “corrplot” libraries. Shannon-wiener index was conducted with the “vegan” libraries. Spearman’s correlation analyses were performed using “corrplot” libraries. Mantel test was used for correlational analysis according to the r and significance level value of p of the two matrices. Structural equation modeling was conducted using AMOS software (SPSS). Co-occurrence networks were constructed using the “WGCNA” libraries, and were visualized with “Gephi 0.9.6” software. The pairwise Pearson’s correlations between parameters were calculated, with a correlation coefficient > 0.6 and a p-value <0.05 (Benjamini and Hochberg adjusted) being considered as a valid relationship to further calculate topological features of a network. Euclidean distance was performed using “vegan” libraries. Based on the relative abundance of functional pathways and dominant phyla of bacteria and archaea, Euclidean distance matrix of all samples were calculated, and then the averages of Euclidean distances of one sample in relation to other samples in microbial taxa (i.e., bacteria and archaea taxa, Tmic), functional pathway (i.e., F), bacteria taxa (Tbac), and archaea taxa (Tarc) were obtained. The solar radiation data of sampling site was obtained by the agrometeorological data.1 The t-tests were used to determine the significant differences within the 95% confidence interval between different groups and conducted by IBM SPSS Statistics 23.




Results


Physical and chemical parameters

The average WT, pH, DO, and Chl a were 22°C, 7.8, 6.9 mg L−1, and 7.4 μg L−1, respectively. Phytoplankton yield ranged from 0.15 to 0.46, with an average of 0.32. The upstream reservoir (i.e., CST) showed the lowest average WT but the highest average Chl a (Table 1). There were obvious differences in WT among the reservoirs but insignificant difference between the inflowing and reservoir waters. However, the DO of inflowing waters was obviously higher than that of reservoir waters (Table 1). Stratifications of WT, pH, DO, and Chl a occurred in CST and LT with long hydraulic retention time in August, but not in YT and DH (Supplementary Figure 1 and Supplementary Table 2). The CST showed higher DIC, DIN, and DIP concentration but lower DSi concentration than other reservoirs. Overall, the inflowing waters exhibited similar nutrient concentrations to the reservoir waters. The molar ratio of dissolved Ca to Sr concentrations (Ca/Sr) can indicate the geological source of solutes in rivers (Jiang and Ji, 2011). The average Ca/Sr was 719.1, indicating that the solutes in the river were mainly controlled by carbonate weathering. The Ca/Sr of CST was slightly higher than that of other reservoirs, suggesting that the contribution of silicate weathering in the upstream was greater than that in the downstream (Qiu et al., 2022).



TABLE 1 The averages and ranges of physical and chemical factors of the studied reservoirs in the Pearl River.
[image: Table1]



Microbial community structure and function

The maximum number of planktonic archaea OTUs yielded by high-throughput sequencing was 76,545. All archaea OTUs were clustered into 9 phyla. The top two archaea phyla were Thaumarcheaota and Nanoarchaeaeota. Thaumarcheaota was the absolute dominant phylum in the reservoirs except CST. The first two dominant phyla changed greatly in the water profiles of CST and LT but varied small in the water profiles of YT and DH. The planktonic archaeal diversity index (i.e., Shannon-Wiener index, A-H′) ranged from 0.45 to 4.47, with an average of 1.43 (Figure 3). The A-H′ of inflowing waters (1.98 ± 1.22) was higher than that of reservoir waters (1.32 ± 0.66). The maximum number of planktonic bacteria OTUs yielded by high-throughput sequencing was 661,239. All bacteria OTUs were clustered into 57 phyla. The top four bacteria phyla were Proteobacteria, Actinobacteria, Bacteroidetes, and Planctomycetes. The bacterial community structure was different in time and space. For example, the bacterial community composition in the inflowing waters of CST was obviously different from that in the reservoir (Supplementary Figure 2). In the reservoir profiles, the first four dominant phyla had great difference. In addition, the bacteria phyla with relative abundance less than 10% had great changes in the water profiles of CST and LT but had not in YT and DH. The planktonic bacterial diversity index (i.e., Shannon-Wiener index, B-H′) ranged from 3.36 to 5.69, with an average of 4.60 (Figure 3). The B-H′ of inflowing waters (4.71 ± 0.75) was slightly higher than that of reservoir waters (4.59 ± 0.54).
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FIGURE 3
 The planktonic archaea and bacteria community composition and relative abundance of functional pathway in August and December in the water profiles of the studied reservoirs. A-H′, planktonic archaea community diversity; B-H′, planktonic bacteria community diversity; F-H′: functional diversity. Taxonomic groups with a relative abundance less than 1% were integrated as “others.” The full names of the reservoirs refer to the text.


In this study, C-cycling included three functional pathways [i.e., C-fixation (CF), C-degradation (CD), and CH4 metabolism] and had 36 functional genes, with an average of 3.5 × 105 copies L−1. N-cycling included 22 functional genes, with an average of 2.4 × 105 copies L−1. P-cycling included 8 functional genes, with an average of 2.1 × 105 copies L−1. S-cycling included 5 functional genes, with an average of 1.9 × 105 copies L−1. Functional diversity (i.e., Shannon Wiener index, F-H′) ranged from 1.77 to 3.20, with an average of 2.60 (Figure 3). The F-H′ of inflowing waters (2.55 ± 0.25) was similar to that of reservoir waters (2.57 ± 0.31). The F:Tarc ratios were higher than the ratios of F:Tbac and F:Tmic in the reservoirs except CST in time and space (Figure 4). The C-, N-and S-cycling pathways and microbial diversity had significant seasonal differences (p < 0.001, t-test, Figures 5A–F). The CF:CD ratio was higher in December than in August (Figure 5G). In general, the F:Tmic ratios in inflowing waters (1.01 ± 0.3) were slightly higher than that in reservoir waters (0.94 ± 0.21; Figure 5H). However, in the LT with long hydraulic retention time, the F:Tmic ratio of inflowing waters was significantly higher than that of reservoir waters (p = 0.01, t-test).
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FIGURE 4
 The spatio-temporal distribution of the ratios in the studied reservoirs. The full names of the reservoirs refer to the text. F:Tarc, the ratio of functional pathway to archaea taxa-based Euclidean distance; F:Tbac, the ratio of functional pathway to bacteria taxa-based Euclidean distance; F:Tmic, the ratio of functional pathway to microbial taxa-based Euclidean distance.
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FIGURE 5
 The spatio-temporal distribution of the microbial taxa and function in the studied reservoirs (A-H). The boxes and whiskers indicate the 25th and 75th and 10th and 90th percentiles, respectively. The central lines indicate the medians. Blue and purple boxes represent sampling in August and December, respectively. The full names of the reservoirs refer to the text. IW, inflowing waters; R, reservoir; RW, released waters; CF:CD, the ratio of carbon fixation to carbon degradation; A-H′, planktonic archaea community diversity; B-H′, planktonic bacteria community diversity; F:Tmic, the ratio of functional pathway to microbial taxa-based Euclidean distance. ***indicate the significant difference at the levels of 0.001 conducted by t-test.




Interaction among the environmental factors, community, and functional pathway

Mantel test indicated that the composition of functional pathways was related to 11 environmental factors, mainly including radiation, WT, and DSi. The community structure of planktonic archaea was related to 7 environmental factors, mainly including longitude, elevation, Ca/Sr, and DIP. The community structure of planktonic bacteria was relevant to eight environmental factors, mainly including radiation, WT, pH, DIC, and DSi (Figure 6A; Supplementary Figure 3). The relative abundances of C-, N-, P-, and S-cycling were correlated with dominant bacterial phyla (e.g., Proteobacteria, Actinobacteria, and Bacteroidetes) and their community diversity. The F:Tmic ratio was correlated with dominant archaea phyla (e.g., Thaumarchaeota and Nanoarchaeaeota) and their community diversity (Figure 6B). Co-occurrence networks showed that functional genes had tight contact with bacterial and archaeal community composition and were in a core position (Figure 6C), and planktonic bacterial community had higher relevancy with functional genes than archaeal community (Supplementary Figure 4). In addition, the average ratio of inflowing to reservoir waters was 1.11 for F and 1.22 for F:Tmic, and both were significantly higher than 1 (p < 0.01 and p < 0.05, respectively, t-test); however, this case was not found for Tmic (p = 0.391, t-test, Figure 6D). Phytoplankton yield was positively correlated with Tbac:Tarc (Figure 7A). The F:Tmic difference between August and December was positively correlated with Log10 transformed hydraulic load (Figure 7B). Structural equation modeling showed that WT was an important factor affecting EFS (Figure 7C).
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FIGURE 6
 (A) Correlations among environmental factors, community composition of planktonic bacteria and archaea and functional pathway for surface water samples (n = 36). Community composition and functional pathway are related to each environmental factor by performing a Mantel test. (B) Correlations between community composition of planktonic bacteria and archaea and functional pathway (n = 78). Pairwise comparisons within community composition are displayed with a color gradient to denote Pearson’s correlation coefficients. Functional pathways are related to each community parameter by performing a Mantel test. Asterisks (***, **, and *) indicate the significance levels (0.001, 0.01 and 0.05, respectively). A-H’, planktonic archaea community diversity; B-H’, planktonic bacteria community diversity. (C) Co-occurrence networks of the planktonic bacteria and archaea community and functional genes. The size of each node is proportional to the number of connections. (D) The parameter ratio of inflowing to reservoir waters. IW, inflowing waters; R, reservoir; F, functional pathway based-Euclidean distance; Tmic, microbial taxa based-Euclidean distance. The different colors indicate different reservoirs. The boxes and whiskers indicate the 25th and 75th and 10th and 90th percentiles, respectively. The central lines indicate the averages. ** and * were significant difference at the levels of 0.01 and 0.05, respectively.
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FIGURE 7
 (A) Phytoplankton photosynthetic efficiency (yield) vs. the ratio of bacteria to archaea taxa-based Euclidean distance (Tbac:Tarc). The linear regression: y = 0.33x-0.05, adjusted r2 = 0.88, p < 0.05. (B) Seasonal F:Tmic ratio difference vs. the hydraulic load (H). The linear regression: y = 5.36x + 0.59, adjusted r2 = 0.19, p < 0.001. The different colors indicate different hydraulic retention times (HRT). The blue dotted lines indicate the 95% confidence intervals. (C) Structural equation modeling of microbial structure and function. The red and blue lines indicate the positive and negative relationships, respectively. The goodness of fit was acceptable [root mean square error of estimation (RMSEA) = 0.06, p-value for a test of close fit (PCLOSE) = 0.213, n = 78 independent samples]. ** indicate the significance levels of 0.01. WT, water temperature; F:Tmic, the ratio of functional pathway to microbial taxa-based Euclidean distance. A-H′, planktonic archaea community diversity; B-H′, planktonic bacteria community diversity; F-H′: functional diversity.





Discussion


The relationship between microbial community structure and function

Phytoplankton and planktonic bacteria and archaea jointly drive the nutrient biogeochemical cycles in aquatic ecosystems (Arrigo, 2005; Fuhrman, 2009; Amin et al., 2021), and their community composition thus had a strong correlation with C-, N-, P-, and S-cycling functional genes (Figure 6C). The positive correlation between phytoplankton photosynthetic efficiency and Tbac:Tarc implies that phytoplankton, as the primary producers, could constrain the bacterial and archaeal community assembly and their interaction (Figure 7A). The F:Tbac rather than F:Tarc was close to the F:Tmic (Figure 4), indicating that bacterial community was more relevant to the functional gene abundance than archaeal community. Therefore, planktonic bacteria could be more important to perform the microbial ecological functions in the reservoirs. Planktonic archaeal community had higher F:Tarc, and their diversity synchronously changed with bacteria community diversity; therefore, they can also directly affect microbial EFS (Figure 7C). This implies that planktonic archaeal community, with strong interspecific interaction and low taxonomic variation, has an irreplaceable role in ensuring the stability of microbial ecological functions. Bacteria have been reported usually as the main microorganisms performing ecological functions under eutrophic conditions, while under oligotrophic conditions, archaea are the main functional microorganisms (Wuchter et al., 2006; Di et al., 2009).



Effects of river damming on microbial ecological stability

Environmental changes are an important force driving the planktonic microbial species succession (Zhou et al., 2014; Amend et al., 2016; García-García et al., 2019; Xiao et al., 2021). In turn, planktonic bacteria and archaea have different responses to the environmental changes. In these reservoirs, planktonic bacterial community structure is mainly affected by WT and pH, while planktonic archaeal community composition is mainly influenced by geological and geographical factors. Major geological events and horizontal gene transfer have been reported to be relevant to the evolution of archaea (Yang et al., 2021; Gophna and Altman-Price, 2022). The composition of bacteria had tighter nexus with environmental factors than that of archaea (Figure 6A), implying that bacteria are easier to be affected by environmental variations. As such, bacteria and archaea are sensitive to different types of factors, finally leading to their ecological niche differentiation. In addition, archaea can take over the functions of bacteria under certain extreme conditions (Schleper, 2010; Wang et al., 2021). Microbial functional pathways have tight relation with the ambient parameters and are more sensitive to the environmental disturbance than bacterial and archaeal taxa in the reservoirs (Figure 6A), being consistent with the results of ocean study (Louca et al., 2016). For the reservoirs, water depth can not only regulate the spatial variation in microbial functional genes, but also restrict the planktonic bacterial community composition (Yang et al., 2020; Wang P. et al., 2022).

After river damming, water depth and hydraulic retention time increase, waters become clear, nutrients are impounded, and phytoplankton are apt to flourish (Maavara et al., 2020; Wang B. et al., 2022). An increase in WT can enhance phytoplankton growth, and phytoplankton consume CO2 and release O2 by photosynthesis, increasing water pH and DO. Thus, WT, Chl a, DO, and pH showed a tight relationship from each other in the reservoirs (Figure 6A). Phytoplankton photosynthesis mainly occurs in the euphotic layer, which can promote physical, chemical, and biological stratifications in the water profiles (Supplementary Figure 1). These stratifications create the contrasting redox environments between the surface and bottom waters, finally making the community composition of bacteria and archaea different in the water profiles, and the larger DO stratification, the more significant difference in their community composition (Yu et al., 2014; Nyirabuhoro et al., 2020; Yang et al., 2020). Correspondingly, matter cycling is different between the surface and bottom waters. On the bottom regulated by respiration, planktonic bacteria and archaea decompose organic matters to produce CH4 and N2O; SO42- can be used as an oxidant under insufficient oxygen conditions and is reduced to divalent S, which is apt to combine with heavy metals and then precipitate to the sediment (Goreau et al., 1980; Kuypers et al., 2018; Wang B. et al., 2022). On the surface dominated by photosynthesis, CH4 generated on the bottom can be re-oxidized to CO2 and release to the atmosphere (Vachon et al., 2019). Therefore, there are stratifications for the functional genes related to C-, N-, P-, and S-cycling in the reservoir profiles (Figure 3).

The significant changes in above physical and chemical factors after river damming finally result in obvious differences in the microbial EFS between rivers and reservoirs. Although there was not found significant difference in the community composition of bacteria and archaea between the inflowing and reservoir waters in general, relative compositions of their functional genes were significantly different, resulting in higher F:Tmic ratio in the former than in the latter (Figure 6D). All the evidence demonstrated that river damming can enhance the microbial EFS. In addition, the microbial EFS showed obviously different among the reservoirs, mainly due to their different hydrological conditions. It is well known that reservoir hydraulic load is an important factor governing the stratifications, nutrient cycling, and biological succession in reservoirs (Liang et al., 2019; Wang B. et al., 2022). Here, it was found that reservoir hydraulic load regulates the seasonal difference in microbial EFS (Figure 7B). In the daily regulated reservoirs (i.e., YT and DH), there are not significantly physical, chemical, and biological stratifications throughout the year due to the high water renewal rate, so they are river-liked reservoirs, where aquatic microorganisms are always living in a highly dynamic environment. The ambient conditions of these reservoirs were more strongly influenced by surface runoff in August than in December; correspondingly, microbial EFS was weaker in August than in December. In yearly regulated reservoirs (i.e., CST and LT), due to the low water renewal rate, microbial community structure and function were stratified, together with the physical and chemical stratifications in August, which finally shapes a unique strong microbial EFS in dam reservoirs. However, in December, the above stratifications disappeared mainly due to the homogenization of water temperature, and aquatic microorganisms have to re-adapt the situation via adjusting their community structure and function, which finally decreases microbial EFS. Therefore, microbial EFS is weaker in December than in August for the yearly regulated reservoirs (Figure 7B).

Studies on global ocean microbiome showed that microbial community composition is mostly affected by water temperature rather than other environmental factors or geography (Sunagawa et al., 2015). Similarly, this study found that WT is an important factor affecting the relationship between microbial community structure and functional pathways and then constraining the EFS (Figure 7C). Under the background of global warming, the variation in microbial ecological processes caused by the construction of numberless dam reservoirs should be paid more attention. This study focused on the impact of river damming on microbial EFS, while many other problems need to be further studied. For example, DSi was found as an important environmental factor influencing the microbial functions in co-occurrence networks, but the structural equation modeling cannot build the relevant pathway. It is well known that DSi not only reflect the geological background but also is closely related to phytoplankton community structure (Wang et al., 2016; Ran et al., 2022); however, we still do not know the underlying mechanism on the role of DSi in this study. The exploration on the microbial EFS is a basis for understanding the resistance of ecosystems, and more detailed ecological models need to be established for more precise assessment.




Conclusion

This study first used the ratio of Euclidean-distance-normalized microbial function to taxa to estimate the influence of river damming on planktonic microbial EFS. The results indicated that river damming can enhance the planktonic microbial EFS. The microbial structure and function were stratified in the water profiles of dam reservoirs, together with the thermal and chemical stratifications, due to an increase in water depth and retention time. These changes after river damming resulted in the stronger microbial EFS in dam reservoirs than in rivers. Structural equation modeling demonstrated that water temperature was an important factor influencing the relationship between the microbial structure and function and then the EFS. In addition, the hydraulic load was found a main factor regulating the seasonal difference in microbial EFS among the reservoirs. This study will help to deepen the understanding of the relationship between microbial structure and function and provide a theoretical basis of assessing the ecological function change after the construction of river damming.
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Denitrifying anaerobic methane-oxidizing bacteria (DAMO bacteria) plays an important role in reducing methane emissions from river ecosystems. However, the assembly process of their communities underlying different hydrologic seasons remains unclarified. In this study, the dynamics of DAMO bacterial communities in river networks of the Taihu Basin were investigated by amplicon sequencing across wet, normal, and dry seasons followed by multiple statistical analyses. Phylogenetic analysis showed that Group B was the major subgroup of DAMO bacteria and significant dynamics for their communities were observed across different seasons (constrained principal coordinate analysis, p = 0.001). Furthermore, the neutral community model and normalized stochasticity ratio model were applied to reveal the underlying assembly process. Stochastic process and deterministic process dominated the assembly process in wet season and normal season, respectively and similar contributions of deterministic and stochastic processes were observed in dry season. Meanwhile, abundant (relative abundance >0.1%) and rare (relative abundance <0.01%) DAMO bacterial communities were found to be shaped via distinct assembly processes. Deterministic and stochastic processes played a considerable role in shaping abundant DAMO bacterial communities, while deterministic process mainly shaped rare DAMO bacterial communities. Results of this study revealed the dynamics of DAMO bacterial communities in river networks and provided a theoretical basis for further understanding of the assembly process.
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Introduction

Methane is the second most important greenhouse gas with a global warming potential 20–30 times that of carbon dioxide (Malyan et al., 2016). In recent decades, atmospheric methane concentrations have been increasing at an annual rate of 1.0–1.2%, attracting widespread attentions (Borrel et al., 2011; Malyan et al., 2016).

Microbial-mediated methane oxidation is an effective pathway to reduce methane emissions (Malyan et al., 2016; Wang et al., 2019; Xu and Zhang, 2022). According to the availability of oxygen, methane oxidation can be divided into two distinct processes: aerobic oxidation of methane and anaerobic oxidation of methane (AOM). In freshwater ecosystem, denitrifying anaerobic methane oxidation (DAMO) is the most widely investigated AOM pathway (Shen et al., 2014; Cheng et al., 2022), which can couple methane oxidation with denitrification by using nitrate/nitrite as the electron acceptors (Strous and Jetten, 2004; Raghoebarsing et al., 2006). DAMO bacteria, belonging to the NC10 phylum (Ettwig et al., 2010), is one of the major functional microorganisms participating in DAMO process. Up to now, five phylogenetically distinct subgroups of DAMO bacteria (Groups A–E) have been verified (Chen et al., 2016), among which Group A and Group B were widely distributed in freshwater ecosystem. For example, Group B was more abundant than Group A in the Qiantang River (Shen et al., 2014), while the dominant subgroups were found to be distinct in different reaches in the Wuxijiang River (Cheng et al., 2022). However, the dynamics of different subgroups of DAMO bacteria and the underlying driving factors remained largely unknown.

Revealing the assembly process that shape the microbial community is one of the central topics in microbial ecology of freshwater ecosystems (Logares et al., 2018; Sjostedt et al., 2018). Deterministic and stochastic processes are two main mechanisms that shape the microbial communities (Zhou and Ning, 2017). Deterministic processes refer to that environmental factors and species interactions are the main determinants in shaping microbial communities (Nemergut et al., 2013; Vanwonterghem et al., 2014). In contrast, stochastic processes believe that random factors, such as birth, death, speciation, limited dispersal, and immigration, shape microbial communities (Chave, 2004; Zhou and Ning, 2017). Previous studies have confirmed the distribution of DAMO bacteria in freshwater ecosystems with focus on its diversity and abundance (Shen et al., 2014; Cheng et al., 2022), while the underlying community assembly process is still unclear. Moreover, microbial communities often exhibit an uneven distribution, with a few abundant taxa coexisting with a large number of rare taxa (Fuhrman, 2009; Jia et al., 2018). Recently, several studies have reported that the abundant and rare bacterial communities exhibited distinct assembly processes (Hou et al., 2020; Yang et al., 2022), and whether this applies to DAMO bacterial communities remains unknown.

Rivers are typical freshwater ecosystems and serve as key transport channels for the global carbon and nitrogen biogeochemical cycles (Grill et al., 2019; Maavara et al., 2020). In recent decades, rivers in the Taihu Basin have been seriously polluted by the excessive load of nitrogen, providing a large amount of potential electron acceptors for DAMO process (Ju et al., 2016; Wu et al., 2022), and thus, it is an ideal habitat for DAMO bacteria. The Taihu Basin lies in subtropical monsoon climate zone and rivers located in this region experience remarkable wet-normal-dry cycles each year. Previous studies showed that the environmental conditions induced by the wet-normal-dry cycles could affect the microeukaryotic and bacterioplankton communities (Gad et al., 2020; Zhang et al., 2022). Hence, it is reasonable to speculate the dynamics of DAMO bacterial communities across different hydrologic seasons. In this study, amplicon sequencing was employed to analyze the diversity and assembly process of DAMO bacterial communities across three hydrologic seasons (wet, normal, and dry seasons). This study aimed to (1) explore the spatiotemporal dynamics of DAMO bacterial communities across different hydrologic seasons; (2) determine the relative roles of deterministic and stochastic processes in assembly of DAMO bacterial communities; and (3) identify major environmental drivers in shaping the DAMO bacterial communities. Results of this study will be helpful in understanding the dynamics and assembly process of DAMO bacterial communities in the freshwater ecosystem under hydrological disturbance.



Materials and methods


Study area and sample collection

The Taihu Basin is located in the Yangtze River Delta in eastern China, covering an area of 36,900 km2, with the water area constituting 17% of the total area. Sampling campaign was carried out at 18 sampling sites on four crisscross rivers (Beijing-Hangzhou Grand Canal, Wujin -Yixing Canal, Danjinlicao River, and Yili River; Supplementary Figure S1) during July 2020 (wet season), October 2020 (normal season), and January 2021 (dry season). Due to some unforeseen reasons, we failed to collect samples from one site in normal season and three sites in dry seasons (Supplementary Table S1). At each sampling site, the upper layer (~10 cm) of the sediments was collected using the grab bucket. The sediment samples were put into sterile plastic bags and transported to the laboratory within 4 h under low temperature (4°C). Each sample was immediately divided into two parts: One part was stored at 4°C for physicochemical analyses and the other part was stored at −20°C for microbial analyses.



PCR amplification, amplicon sequencing, and data analyses

~0.5 g samples were used for microbial DNA extraction by FastDNA® SPIN Kit for Soil (MP biomedicals, United States). The nested PCR amplification method was used to amplify the 16S rRNA gene of DAMO bacteria, consisting of an initial PCR with primers qP1mF (5′-GGGCTTGAC ATCCCACGAACCTR-3′)/1492R (5′-ACGGCTACCTTGTTACGACTT-3′; Kane et al., 1993) followed by the second round of PCR with primers 1051F (5′-ARCGTGGAGACAGGTGGT-3′)/qP2R (5′-CTCAGCGACTTCGAGTACAG-3′; He et al., 2016b). The PCR products were sequenced on Illumina’s NovaSeq 6000 platform at the Novogene Company (Tianjin, China). All of the raw sequencing reads have been deposited in the Genome Sequence Archive in National Genomics Data Center1 with accession number CRA005757.

The sequencing data were analyzed by the DADA2 pipeline following the tutorial (Callahan et al., 2016). Briefly, the raw sequence reads were firstly split into different samples by matching the barcodes. The barcodes, adaptors, and primers were then filtered using the command “filterAndTrim.” The sequences were duplicated and denoised using the “duplicated” and “dada” commands, respectively. The pair-end sequence reads were merged using the “mergePairs” command, and the chimeras were removed using the “removeBimeraDenovo” command. Finally, the amplified sequence variant (ASV) table was generated using the “makeSequenceTable” command. The representative sequence from each ASV was blasted with four DAMO bacterial genomes in the GenBank database, including Candidatus Methylomirabilis oxyfera (M. oxyfera, NR_102979.1; Ettwig et al., 2010), Candidatus Methylomirabilis sinica (M. sinica, KU891931.1; He et al., 2016a), Candidatus Methylomirabilis limnetica (M. limnetica, NVQC01000015.1; Graf et al., 2018), and Candidatus Methylomirabilis lanthanidiphyla (M. lanthanidiphyla, CABIKM010000010.1; Versantvoort et al., 2018). The ASVs with similarity >85% to any of M. oxyfera, M. sinica, M. limnetica, and M. lanthanidiphyla were remained for downstream analyses. The abundant and rare ASVs were defined following a previous study (Cui et al., 2021). ASVs with relative abundances >0.1% were defined as “abundant” DAMO bacterial communities, and those with relative abundances <0.01% were defined as “rare” DAMO bacterial communities.

The alpha diversity (Shannon index and Observed richness), and beta diversity index (“Bray-Curtis” distance) were calculated by “vegan” package (version 2.6-2) in the R software (version 4.0.2). One-way ANOVA followed by Duncan’s multiple comparison test was used to compare the alpha diversity and beta diversity across different seasons by “agricolae” package (version 1.3-3) in the R software (version 4.0.2).

The variations of DAMO bacterial communities across different hydrologic seasons were revealed via constrained principal coordinate analysis (CPCoA) and permutation multivariate ANOVA (PERMANOVA). The CPCoA and PERMANOVA were performed by “amplicon” package (version 1.1.4) and “vegan” package (version 2.6-2) in the R software (version 4.0.2), respectively. The distance-decay patterns of DAMO bacterial communities were calculated as the slope of the linear regression between geographic distance and “Bray-Curtis” similarity (1- “Bray-Curtis” distance) of each pairwise sample. The habitat niche breadth (Bcom) of each ASV was calculated by “spaa” package (version 0.2.2) in the R software (version 4.0.2; Zhou et al., 2014). The differences in Bcom values were analyzed using One-way ANOVA followed by Duncan’s multiple comparison test.

Typical ASVs (top 10 most abundant) from DAMO bacterial communities were selected for phylogenetic analysis. Phylogenetic analysis was performed by MEGA 7 software using the neighbor-joining method with 1000 bootstrap replicates (Kumar et al., 2016).



Physicochemical analyses

Ammonia nitrogen (NH4+-N), nitrite nitrogen (NO2−-N), and nitrate nitrogen (NO3−-N) were extracted with 2 mol/L KCl solution for 1 h and then measured colorimetrically by a spectrophotometer (Shimadzu, Japan; Long et al., 2017; Xu et al., 2017a). Dissolved organic carbon (DOC) was extracted by ultra-pure water and quantified using a TOC analyzer (Elementar, Germany). Metals (Cd, Cr, Cu, Mn, Ni, and Zn) were firstly digested by combined acids (HNO3-HClO4-HF) and then determined by the ICP-OES (PerkinElmer, United States; Xu et al., 2017b). The pH was measured by a pH meter (Mettler Toledo, Switzerland) with a solid to ultra-pure water ratio of 1:2.5 (Shi et al., 2021). The physicochemical attributes were listed in Supplementary Table S2.

The distance-based (Bray-Curtis distance) redundancy analysis (db-RDA) and Mantel test were carried out to reveal the relationships between DAMO bacterial communities and environmental factors. The db-RDA and Mantel test were conducted using “vegan” package (version 2.6-2) and “linkET” package (version 0.0.3.3) in the R software (version 4.0.2), respectively.



Community assembly analyses

The neutral community model (NCM) was used to evaluate the potential contribution of stochastic process in community assembly by predicting the relationship between detection frequency and relative abundance of each ASV (Sloan et al., 2006). In this model, positive R2 represented the fit of the entire neutral model. The 95% confidence intervals were calculated based on 1,000 bootstrap replicates.

The normalized stochasticity (NST) ratio was further applied to evaluate the relative importance of deterministic and stochastic processes in shaping DAMO bacterial communities (Ning et al., 2019). This model used 50% as the boundary point between deterministic (NST < 50%) and stochastic (NST > 50%) assembly processes. The NST values based on “Bray-Curtis” similarity were calculated by “NST” package (version 3.1.9) in the R software (version 4.0.2).




Results


Phylogenetic analysis of DAMO bacterial communities

In this study, a total of 2,537,849 high-quality sequences were obtained by amplicon sequencing and they were classified into 2,714 ASVs. ASVs with less than 85% identity to M. oxyfera, M. sinica, M. limnetica, and M. lanthanidiphyla were filtered and 2,599 ASVs (2,535,087 sequences) were obtained. After removing ASVs with less than 5 sequences to reduce the PCR bias (Naylor et al., 2017), a total of 2,044 ASVs (2,533,420 sequences) were retained, ranging from 38,796 to 78,242 sequences per sample. Each sample was finally rarefied to the minimum sequences (38,796) for downstream analyses.

Typical ASVs (top 10 most abundant, Supplementary Table S3) from DAMO bacterial communities were selected for phylogenetic analysis (Figure 1). These ASVs accounted for 71.22% of total sequences and they were divided into two subgroups: Group A and Group B (Ettwig et al., 2009). The phylogenetic analysis showed that one ASV (ASV12) was grouped into Group A, with 98.39 and 97.58% identity to M. oxyfera and M. sinica, respectively. This ASV was more abundant in normal season (63.80%) than the other seasons (Supplementary Table S4). The other ASVs were clarified as Group B (Figure 1) and the proportions of Group B were almost the same during wet, normal, and dry seasons (Supplementary Table S4). These results showed that the Group B was the dominant subgroup and subgroups of DAMO bacterial communities exhibited seasonal dynamics.

[image: Figure 1]

FIGURE 1
 Neighbor-joining phylogenetic tree showing the phylogenetic affiliations of denitrifying anaerobic methane oxidation (DAMO) bacteria. Bootstrap values were calculated by 1,000 replicates, and the scale bar represented 2% sequence divergence.




Spatiotemporal dynamics of DAMO bacterial communities

Significant temporal dynamics of alpha diversity and beta diversity of DAMO bacterial communities were observed across different seasons (Figures 2A–C). The Shannon diversity index was found to be higher in wet season than normal season (Figure 2A, p < 0.05) and wet and dry seasons showed higher richness than normal season (Figure 2B, p < 0.001). Meanwhile, the similarity of DAMO bacterial communities also exhibited temporal dynamics (Figure 2C), and the community similarity during wet and dry seasons was significantly higher than that of normal season (p < 0.001).
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FIGURE 2
 Dynamics of (A) Shannon index, (B) Observed richness, and (C) Bray–Curtis similarity of DAMO bacterial communities during wet, normal, and dry seasons. Different letters indicated significant difference by Duncan test (p < 0.05). (D) Constrained principal coordinate analysis (CPCoA) plot based on Bray-Curtis distance showing the variation of DAMO bacterial communities.


To compare the profile of abundant and rare DAMO bacterial communities, 48 ASVs with 1,688,209 (66.59%) sequences and 1,662 ASVs with 55,185 (2.18%) sequences were selected as the “abundant” and “rare” DAMO bacterial communities, respectively. The CPCoA plot and PERMANOVA showed clear differences in whole, abundant, and rare DAMO bacterial communities during wet, normal, and dry seasons (Figure 2D; Supplementary Table S5). These results indicated that the whole, abundant, and rare DAMO bacterial communities exhibited similar temporal dynamics. The Venn diagram showed that the shared ASVs in abundant DAMO bacterial communities (77.1%) were far more than those in whole (3.77%) and rare (0.18%) DAMO bacterial communities across different seasons. Up to 97.7% ASVs in rare DAMO bacterial communities were found to be unique across different seasons (Supplementary Figure S2). This result implied that biodiversity patterns differed between abundant and rare DAMO bacterial communities.

The spatial dynamics of DAMO bacterial communities were revealed by distance-decay patterns. The dissimilarity of DAMO bacterial communities increased with geographical distance during normal and dry seasons (Supplementary Figure S3). Similarly, the abundant DAMO bacterial communities also exhibited distance-decay patterns during normal and dry seasons (p < 0.001). On the contrary, the rare DAMO bacterial communities did not show significant distance-decay patterns (Supplementary Figure S3). These results indicated that abundant and rare bacterial communities exhibited dissimilar spatial patterns across different seasons.



Assembly process of DAMO bacterial communities

The NCM model was applied to evaluate the contribution of the stochastic process in assembly of DAMO bacterial communities (Figure 3A). The NCM model explained 70.7% (R2 = 0.707) for variations of DAMO bacterial communities and fitted well for the DAMO bacterial communities. Similar observation was found during wet, normal, and dry seasons (Supplementary Figure S4). These results together indicated that stochastic process shaped the DAMO bacterial communities to some extent.
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FIGURE 3
 The assembly process and habitat niche breadth for whole, abundant, and rare DAMO bacterial communities. (A) Fit of the NCM model. The solid lines indicated the best fit to the NCM model, and the dashed lines represented 95% confidence intervals around the model prediction. ASVs that occurred more or less frequently than predicted by the NCM model were shown in green and red colors, respectively. R2 indicated the fit to this model. (B) The assembly process for whole, abundant, and rare DAMO bacterial communities based on NST values. (C) The assembly process of DAMO bacterial communities during wet, normal, and dry seasons. (D) Boxplot showing Bcom values for whole, abundant, and rare DAMO bacterial communities. Different letters indicated significant difference (p < 0.001, Duncan test).


The NST model was employed to further quantify the importance of deterministic and stochastic processes in shaping DAMO bacterial communities (Figure 3B). The mean NST value of DAMO bacterial communities was 46.17%, indicating that both deterministic and stochastic processes played a considerable role in shaping DAMO bacterial communities (Figure 3B). During different seasons, the assembly processes were found to be distinct. The stochastic process dominated the assembly process in wet season, while the deterministic process was the major process in shaping the DAMO bacterial communities in normal season. Similar contributions of deterministic and stochastic processes were observed in dry season (Figure 3C).

Similar to the whole DAMO bacterial communities, both deterministic and stochastic processes played important roles in shaping abundant DAMO bacterial communities (Figure 3B). During wet and dry seasons, the relative contribution of stochastic process was slightly greater than that of deterministic process (Supplementary Figure S5). Meanwhile, the deterministic process was found to be the dominant process in shaping rare DAMO bacterial communities during all of the three seasons (Supplementary Figure S5). Further, the average Bcom value of rare DAMO bacterial communities were significantly lower than that of the whole and abundant DAMO bacterial communities (Figure 3D, p < 0.001), which indicated that rare DAMO bacterial communities had narrower niche widths.



Relationships between DAMO bacterial communities and environmental factors

In this study, most of the environmental factors, such as Cu, Cr, DOC, Mn, Ni, NH4+-N, NO3−-N, pH, and Zn, exhibited significant temporal dynamics across different seasons (Figure 4, p < 0.05; Supplementary Table S2). The Mantel test revealed significant correlations between DAMO bacterial communities and metals (Cu, Mn, Ni, and Zn; Figure 5A; r > 0.45, p < 0.001). The db-RDA was further used to reveal the impacts of environmental factors on DAMO bacterial communities (Supplementary Figure S6). Based on the Monte Carlo test with 999 permutations, the db-RDA conformed that metals (Cu, Mn, Ni, and Zn) exhibited significant impacts on DAMO bacterial communities (p < 0.001). In addition, the linear regression analysis showed that these metals were significantly correlated with the NST values (Figure 5B, p < 0.0001). These results indicated that metals (Cu, Mn, Ni, and Zn) were the major driving factors affecting the structure and assembly process of DAMO bacterial communities. Meanwhile, similar to the whole DAMO bacterial communities, these metals showed strong correlations with abundant DAMO bacterial communities (Figure 5A; r > 0.45) while their correlations with the rare DAMO bacterial communities were weak (Figure 5A; r < 0.25), indicating that abundant and rare DAMO bacterial communities responded differently to environmental factors.
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FIGURE 4
 One-way ANOVA showing the dynamics of environmental factors during wet, normal, and dry seasons. Different letters indicated significant difference by Duncan test (p < 0.05).
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FIGURE 5
 The environmental drivers DAMO bacterial communities. (A) Environmental drivers of the whole, abundant, and rare DAMO bacterial communities evaluated by Mantel test. Edge width corresponded to correlation coefficient and edge color indicated statistical significance. Pairwise comparisons of environmental variables with a color gradient represented Spearman correlation coefficients. (B) The linear relationship between NST values and metals (Cu, Mn, Ni, and Zn).





Discussion


Dynamics of DAMO bacterial communities

Previous studies have confirmed the distribution of DAMO bacteria in the river ecosystem (Shen et al., 2014; Cheng et al., 2022), while the dynamics of different subgroups of DAMO bacteria remain poorly explored. In this study, amplicon sequencing combined with phylogenetic analysis was applied to track the dynamics of DAMO bacterial communities in the river ecosystem. Our results showed that DAMO bacteria were mainly divided into Group A and Group B with Group B as the dominant subgroups (Figure 1). This observation was consistent with previous studies in other rivers (Shen et al., 2014; Cheng et al., 2022), indicating that Group B might be more adaptable in river ecosystems than Group A. Previous studies have confirmed that Group A had the ability to oxidize methane by enrichment culture and genomic analysis (Ettwig et al., 2009; He et al., 2015; Wang et al., 2016; Xu et al., 2018). Recent studies have also enriched Group B, indicating that it may also have the ability to oxidize methane (Hatamoto et al., 2017; Ma et al., 2017). These results implied that the DAMO process may play an important role in reducing methane emissions in the river ecosystem, while its in-situ activity needs to be further explored.

In this study, the diversity of DAMO bacterial communities was observed to exhibit temporal dynamics (Figures 2A–C). The alpha diversity (Shannon index) of DAMO bacterial communities was relatively more diverse in wet season. In wet season, rainfall may bring microorganisms from the surrounding system into the river, making DAMO bacterial communities more diverse. This was in line with a study exploring the dynamics of microeukaryotic community in Tingjiang River. Meanwhile, the structure of DAMO bacterial communities was also observed to exhibit temporal changes (Figure 2D; Supplementary Table S5). Several reasons may explain these results. Firstly, different hydrological conditions could lead to different environmental factors across three seasons, which can induce the variations of bacterial community diversity and structure (Figures 4, 5A; Supplementary Figure S6). Previous studies have confirmed this by showing that river flow, hydrological connectivity, and hydraulic retention time can modulate microbial community diversity and structure (Isabwe et al., 2018; Chen W. et al., 2019; Gad et al., 2020). Besides, the four crisscross rivers were interconnected and tended to have similar environmental condition in the same season, possibly leading to the seasonal clusters of DAMO bacterial communities.

The distance-decay patterns were widely prevalent in microbial geographic distributions (Hanson et al., 2012; Wang et al., 2017). In this study, the distance-decay patterns were only observed in normal and dry seasons, but not in wet season (Supplementary Figure S3), which was consistent with a previous study (Wang et al., 2015). This was reasonable since higher river flow improved hydrological connectivity and increased dispersal event, leading to higher community similarity in wet season.



Assembly process of DAMO bacterial communities

Revealing the assembly process was important for understanding the microbial communities (Isabwe et al., 2018; Liu et al., 2022). The NCM and NST models were used to evaluate the assembly process of DAMO bacterial communities and the results showed that deterministic and stochastic processes played similar roles in assembly process of DAMO bacterial communities (Figures 3A,B). Similar observation was reported for the assembly process of bacterioplankton community (Nyirabuhoro et al., 2020). Further, the linear regression analysis, Mantel test, and db-RDA together revealed that metals were the major drivers to affect the structure and assembly process of DAMO bacterial communities (Figures 5A,B; Supplementary Figure S6). Previous studies have confirmed that the metal elements could affect the community and activity of DAMO bacteria (Unal et al., 2012; Wang et al., 2022), which may further affect the community assembly process.

The respective roles of deterministic process and stochastic process in shaping DAMO bacterial communities were found to be distinct in different seasons. The stochastic process dominated the community assembly process in wet season, while deterministic process was the major process in normal season (Figure 3C). In the wet season, frequent hydrological exchanges increased dispersal events (stochastic process) for DAMO bacterial communities. In contrast, in normal season, passive dispersal was not strong due to weaker hydrological connectivity and lower river flows. This was supported by previous studies that this period acted as a harsh environmental filter due to niche selection (Dudgeon et al., 2006; Chase, 2007), leading to deterministic process dominating community assembly process. This result was also consistent with distance-decay patterns that were not observed in wet season (Supplementary Figure S3).

Abundant and rare DAMO bacterial communities were observed to exhibit distinct assembly processes. Similar to the whole DAMO bacterial communities, the abundant DAMO bacterial communities were dominated by both deterministic and stochastic processes, while deterministic process shaped the rare DAMO bacterial communities (Figure 3B). Our results were consistent with previous studies on community assembly for abundant and rare taxa (Wan et al., 2021; Zhu et al., 2021). Previous studies have shown that taxa with narrow niche widths were more susceptible to deterministic process (Pandit et al., 2009; Xu et al., 2021; Zhou and Wu, 2021). In this study, rare DAMO bacterial communities had significant narrower niche widths than abundant DAMO bacterial communities (Figure 3D), confirming that deterministic process shaped the rare DAMO bacterial communities. Meanwhile, the distance-decay patterns of abundant DAMO bacterial communities were observed in normal and dry seasons while the rare DAMO bacterial communities did not exhibit a distance-decay pattern in all of the three seasons (Supplementary Figure S3). This result indicated that the abundant and rare DAMO bacterial communities may respond differently to changes in environmental factors. The Mantel test confirmed this by showing that abundant and rare DAMO bacterial communities exhibited different environmental sensitivities (Figure 5A), which could further affect their assembly processes.




Conclusion

This study explored the dynamics and assembly process of DAMO bacterial communities in river networks of the Taihu Basin across different hydrologic seasons. Our results revealed that the diversity and structure of DAMO bacterial communities exhibited significant temporal dynamics while the spatial dynamics were found to be distinct in different seasons. The NCM and NST models together showed that stochastic and deterministic processes both played a considerable role in shaping DAMO bacterial communities. In addition, the abundant DAMO bacterial communities exhibited similar spatiotemporal variations, assembly process, and environmental response with the whole DAMO bacterial communities, but distinct from the rare DAMO bacterial communities. These results provided new clues for DAMO bacterial communities while their contributions to methane reduction need further investigation.
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Particle-attached (PA) and free-living (FL) bacterial communities are sensitive to pollutant concentrations and play an essential role in biogeochemical processes and water quality maintenance in aquatic ecosystems. However, the spatiotemporal variations, assembly processes, co-occurrence patterns, and environmental interactions of PA and FL bacteria in drinking water reservoirs remain as yet unexplored. To bridge this gap, we collected samples from 10 sites across four seasons in Lake Tianmu, a large drinking water reservoir in China. Analysis of 16S rRNA gene libraries demonstrated spatiotemporal variations in bacterial diversity and identified differences in bacterial community composition (BCC) between PA and FL lifestyles. Capacity for nitrogen respiration, nitrogen fixation, and nitrate denitrification was enriched in the PA lifestyle, while photosynthesis, methylotrophy, and methanol oxidation were enriched in the FL lifestyle. Deterministic processes, including interspecies interactions and environmental filtration, dominated the assembly of both PA and FL bacterial communities. The influence of environmental filtration on the FL community was stronger than that on the PA community, indicating that bacteria in the FL lifestyle were more sensitive to environmental variation. Co-occurrence patterns and keystone taxa differed between PA and FL lifestyles. The ecological functions of keystone taxa in the PA lifestyle were associated with the supply and recycling of nutrients, while those in FL were associated with the degradation of complex pollutants. PA communities were more stable than FL communities in the face of changing environmental conditions. Nutrients (e.g., TDN and NO3–) and abiotic and biotic factors (e.g., WT and Chl-a) exerted positive and negative effects, respectively, on the co-occurrence networks of both lifestyles. These results improve our understanding of assembly processes, co-occurrence patterns, and environmental interactions within PA and FL communities in a drinking water reservoir.
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Introduction

Reservoirs make primary contributions to essential ecosystem services such as the maintenance of biodiversity and providing sustainable water supplies for agricultural irrigation, human consumption, and renewable energy regeneration (Xie et al., 2021). Compared to natural rivers, artificial reservoirs usually have longer residence time, leading to a more rapid accumulation of pollutants and potential loss of ecological functions (Yue et al., 2021). Bacteria are extremely sensitive to pollutant concentrations in water (Yue et al., 2021) and play an essential part in biogeochemical processes and water quality maintenance in reservoir ecosystems (Zhang et al., 2015). Therefore, understanding the bacterial community composition (BCC) and spatiotemporal variations of these communities provides important insights into conservation and monitoring efforts, management decisions, and long-term planning of resource use (Roeske et al., 2012; Zhang et al., 2013).

For freshwater ecosystems, the local dynamics of microbiomes are attributed to microbial community assembly mechanisms controlling biodiversity patterns at both community and function levels (Ning et al., 2019). Community assembly has classically been classified as a deterministic process based on the niche theory, and the stochastic process based on the neutral theory, which jointly determines microbial biogeography. Understanding and elucidating the assembly processes of bacterial communities are the holy grail of microbial ecology (Liao et al., 2016; Tang et al., 2020; Zhang et al., 2022), from which predictions of future community composition and biogeochemical function in response to changing environmental conditions may be possible (Stegen et al., 2015). Co-occurrence is a key ecological attribute, reflecting niche processes that promote diversity and coexistence in biotic communities. Analysis of the underlying interactions between complex assemblages of microbes (e.g., predation, competition, inhibition, and facilitation) can reveal potential functions and ecological niches within these communities (Chaffron et al., 2010). Thus, exploring assembly processes and co-occurrence patterns can potentially contribute to the characterization of the biogeographical, functional, and ecological interrelationships of microorganisms.

Aquatic bacterial communities can be classified as either particle-attached (PA) or free-living (FL) depending on their functional lifestyle (Grossart, 2010). Ecological studies of the relationships between these two bacterial groups have focused mainly on communities found in marine systems (Lapoussiere et al., 2011; Yuan et al., 2021) and in both deep (Parveen et al., 2011; Roesel et al., 2012) and shallow lakes (Tang et al., 2015; Zhao et al., 2017a,b; Xu et al., 2018). In these studies, the bacterial diversity of PA was frequently found to be higher than that of FL bacteria (Crespo et al., 2013; Ortega-Retuerta et al., 2013; Zhao et al., 2017b). The structure of these two community types tends to vary across diverse ecosystems (Tang et al., 2015; Xu et al., 2018). For example, PA and FL lifestyles differed significantly in BCC in Lake Taihu (Zhao et al., 2017b) and in some open sea communities (Ortega-Retuerta et al., 2013), while being nearly identical in some rivers (Ortega-Retuerta et al., 2013). In these examples, the assembly processes associated with these two lifestyles were identified as different in Lake Taihu (Zhao et al., 2017b) and in the South China Sea (Yuan et al., 2021), and thus seem to be reflected in the differing BCC of each.

Co-occurrence patterns between PA and FL lifestyles have also been widely studied (Nemergut et al., 2013; Yang et al., 2017; Xu et al., 2018; Liu J. M. et al., 2022; Shen et al., 2022) and have yielded valuable findings. For example, Liu J. M. et al. (2022) observed that PA communities exhibited more complicated co-occurrence patterns than FL communities in coastal systems with high anthropogenic perturbations, while Yang et al. (2017) reported that FL networks contained more nodes and edges than PA networks during a Microcystis bloom. Furthermore, Shen et al. (2022) noted that PA networks were more stable than those of FL bacteria in shallow, eutrophic Lake Taihu, while Xu et al. (2018) demonstrated that bacterial communities of PA and FL networks are associated with different environmental conditions.

Despite the accumulating knowledge of the differences between PA and FL communities, little attention has been directed toward the effects of environmental conditions on the co-occurrence patterns of these two lifestyles in drinking water reservoirs. To bridge this knowledge gap, we collected 80 samples (40 PA samples and 40 FL samples) at 10 sites across four seasons in Lake Tianmu, a drinking water reservoir in east-central China. BCCs were determined by Illumina sequencing of sample libraries. Approaches based on the null model and analysis of co-occurrence were used to determine community assembly processes and disentangle factors contributing to co-occurrence patterns. This study tested the following hypotheses: (1) spatiotemporal variations and differences between BCCs exist in PA and FL bacterial communities; (2) deterministic processes dominate the assembly of PA and FL bacterial communities; and (3) disparities in co-occurrence patterns and interactions between species and environmental parameters result in differing stability and ecological functions in PA and FL bacterial communities.



Materials and methods


Study area and sample collection

Lake Tianmu (water area: 12 km2; mean depth: 7 m), located in Jiangsu Province, China, at present provides potable water for 790,000 residents of Liyang in addition to supplying water to local industries (Zhou et al., 2021). Approximately 80-90% of the volume of water in Lake Tianmuhu comes from the Zhongtian River in the south and the Pingqiao River in the south-east. Water from the lake flows eventually into Lake Taihu, the third-largest freshwater lake in China. Water samples were collected at 10 sites in Lake Tianmu during each of the four seasons: 14 April 2020 (spring), 14 July 2020 (summer), 14 October 2020 (autumn), and 14 January 2021 (winter) (Supplementary Figure 1).

For each site, 250 ml of water (top 0.5 m) was filtered sequentially through 5 μm and 0.22 μm pore-size membranes of polycarbonate (Millipore). Bacterial biomass captured on the 5 μm filters was considered PA bacteria, whereas those on the 0.22 μm filters were considered FL bacteria. All filters were preserved at −80°C until further analysis. The filtrate was captured, refrigerated at 4°C, and used for chemical analysis.



Measurements of environmental parameters

Water temperature (WT), dissolved oxygen (DO), and pH were quantified in situ with a YSI EXO2 sonde (Yellow Spring, OH). The concentration of nitrate (NO3-N), total nitrogen (TN), total dissolved phosphorous (TDP), orthophosphate (PO43–), total phosphorus (TP), chlorophyll-a (Chl-a) total dissolved nitrogen (TDN), ammonium (NH4+-N), and dissolved organic carbon (DOC) were quantified based upon the standard approaches (Jin and Tu, 1990). The Kruskal–Wallis test was used to test for significant differences in these parameters between seasons. The values of physicochemical parameters are exhibited in Supplementary Figure 2.



Bacterial diversity and community composition

DNA extraction was conducted using FastDNA® SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA) following the manufacturer’s instructions. The V3–V4 regions of the bacterial 16S rRNA gene were amplified using 338F/806R primers (Fadrosh et al., 2014). PCR reactions were performed as previously described (Xie et al., 2021). The amplicon pools were purified using AMPure XP beads. Validated PCR products were sequenced on the Illumina MiSeq platform producing 2 × 300 bp PE reads.

Bioinformatic analysis including quality control and classification and clustering of operational taxonomic units (OTUs, >97% similarity) was performed using CLC Genomics Workbench 20.0 (Christensen, 2018). To minimize the random sequencing errors, low abundance OTUs (<10 reads) were filtered out. Taxonomy was assigned at the 80% confidence level by comparing reads to the SILVA database (Quast et al., 2012).

To normalize sequencing depth, 8,463 sequences were selected randomly from each sample. This number was equal to the number of quality sequences obtained from the sample producing the fewest number of reads. Estimates of α-diversity (Shannon and Chao 1 indices) were quantified using the R package “vegan” (v4.2.1). The Kruskal–Wallis test was used to test for differences in α-diversity between seasons and types (PA vs. FL). Non-metric multidimensional scaling (NMDS) based on Bray–Curtis distance was used to calculate bacterial β-diversity. Analysis of similarity (ANOSIM) was used to test for differences in BCC between lifestyles (BCCPA vs. BCCFL) and seasons.



Functional annotation of bacterial communities

Bacterial functional composition (BFC) was annotated according to the FAPROTAX_1.1 (Louca et al., 2016, 2018) database. Differences in BFC between the PA and FL fractions were visualized with STAMP v2.0.4 (Parks et al., 2014).



Environmental and spatial factors associated with BCC

Redundancy analysis (RDA) using the R package “vegan” was used to identify environmental parameters or combinations thereof correlated to BCCs. In subsequent analyses, OTU data were Hellinger-transformed, and environmental (explanatory) parameters were normalized to remove differing measurement scales. Significant environmental parameters were then identified using a forward selection procedure employing a Mantel test with 999 permutations. A variance inflation factor (VIF) was calculated for each significant parameter, and parameters with VIF values above 10 were eliminated. Subsequently, the contribution of significant environmental parameters or combinations thereof was calculated using the package “rdacca.hp” (Lai et al., 2022). Mantel tests and partial Mantel tests using 999 permutations and computed within the “vegan” and “linkET” packages in R were used to calculate the Spearman correlation among BCC (Bray–Curtis distance), geographical distance (Euclidean distance), and environmental parameters (Euclidean distance) (Tang et al., 2021). Principal coordinates of neighbor matrices (PCNM) using Hellinger-transformed OTU data and a matrix of geographical distance were applied to assess the relative contributions of spatial factors (Borcard and Legendre, 2002; Tang et al., 2021). From the results of the RDA and PCNM analyses, the contribution of spatial factors and environmental parameters in the construction of bacterial communities was then calculated using the variation partitioning approach (VPA).



Assembly processes of bacterial community

To estimate the average stochasticity of PA and FL communities, the modified stochasticity ratio (MST), which is a special form of Normalized Stochasticity Ratio (NST), was calculated using the R code based upon Jaccard (incidence-based) dissimilarity metrics and taxonomic β-diversity metrics. MST has a value range of 0 to 1, with a value of 0.5 serving as a threshold between assembly process types. Stochastic assembly processes (chance colonization, demographic randomness, and ecological drift) predominate in communities with an MST distributed above 0.5, while deterministic assembly processes (environmental filtration and interspecific interaction) predominate in communities with an MST distributed below 0.5 (Ning et al., 2019).



Construction and analysis of co-occurrence networks

Co-occurrence patterns of PA and FL lifestyles were constructed based on the network theory. These patterns were analyzed to gain a deeper understanding of interactions among bacterial taxa on assembly processes. To simplify the dataset and improve the credibility of network analysis, only those OTUs with a relative abundance of >0.08% were selected for analysis. In addition, we included environmental factors in the network to assess the ecological associations between these factors and community species. Nodes within the network represent environmental parameters or OTUs. Edges linking two nodes represent negative or positive connections. The significance matrix (p-values) and correlation matrix (R-values) were calculated using Spearman’s rank correlations using the R package “psych.” Spearman correlation coefficients | r| > 0.80 with p ≤ 0.01 were selected for use in species–species and species–environment network analyses. Network topological attributes (refer to Supplementary Table 1), including graph density (GD), average degree (AD), average clustering coefficient (AvgCC), modularity, average path length (APL), and 100 random networks, were quantified using “igraph” package in R (Deng et al., 2012). The stability of networks was estimated via robustness (Deng et al., 2012).

Two parameters can be calculated for the resulting networks: Pi (among-module connectivity) and Zi (within-module connectivity) (Liu S. W. et al., 2022). The values of Pi and Zi were calculated using the “igraph” package in R. OTUs within a network can be grouped into one of four topological classes based on calculated values of Pi and Zi: network hubs (Pi > 0.62, Zi > 2.5), connectors (Pi > 0.62, Zi ≤ 2.5), module hubs (Pi ≤ 0.62, Zi > 2.5), and peripheral (Pi ≤ 0.62, Zi ≤ 2.5) (Liu S. W. et al., 2022). Scatterplots of Pi–Zi were visualized using the “ggplot2” package. Co-occurrence networks were implemented in Cytoscape (v3.6.0) and Gephi (v0.9.1).




Results


Diversity, community, and functional composition of the PA and FL lifestyles

From all these 80 samples, we generated a total of 3,017,192 high-quality reads that were divided across 2,831 OTUs. A high proportion of OTUs was shared within the PA and FL groups, that is, 2,308 shared OTUs, accounting for 84.2 and 96.3% of the total OTUs, respectively (Supplementary Table 2). The rarefaction curve of both PA and FL approached an asymptote (Supplementary Figure 3), indicating sequencing depth was sufficient to capture the bulk of community diversity. Bacterial α-diversity, including Shannon and Chao 1 indices, of the PA lifestyle, was significantly higher than that of the FL lifestyle (Shannon p = 0.007, Chao1 p < 0.001), In addition, the α-diversity of both lifestyles was significantly higher in autumn than in other seasons (p ≤ 0.001) (Figure 1).
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FIGURE 1
The comparison of α-diversity indices of the particle-attached (PA) and free-living (FL) lifestyles in Lake Tianmu. Kruskal–Wallis test was used to test the significance level of the differences. Different lowercase letters above each boxplot indicate significant differences (p < 0.05) among seasons and between fractions.


Analysis of similarity analysis demonstrated distinct differences in BCCs between PA and FL lifestyles (R = 0.23, p < 0.001). NMDS and ANOSIM analyses showed that significant temporal variations existed in both PA and FL lifestyles and that the variation of the PA bacterial community structure across seasons was more distinct than that of the FL community (Figure 2A). Partial Mantel tests showed that the variation in bacterial community structure of both PA and FL lifestyles was not significantly correlated with the geographical distance between sampling sites (Figure 5A and Supplementary Figure 4).


[image: image]

FIGURE 2
(A) Non-metric multidimensional scaling (NMDS) plots showing variations of the particle-attached (PA) and free-living (FL) bacterial communities across different seasons. (B) Bacterial taxonomy at the phylum level. Only predominant bacterial phyla are presented; the remaining phyla are assigned to “others.”
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FIGURE 3
(A) Principal component analysis (PCA) plots illustrating comparisons of the bacterial functional profiles. (B) Significant differences in functional types between particle-attached (PA) and free-living (FL) lifestyles. (C) Pearson’s correlation coefficients of the 13 environmental parameters affecting BCC using Mantel tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4
Redundancy analysis (RDA) charts illustrate the relationship between the main environmental parameters and bacterial community compositions (BCCs) of both particle-attached (PA) and free-living (FL) lifestyles. Barcharts are shown below each RDA panel, indicating the contribution of each parameter to the variation of BCC. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5
(A) Venn chart illustrating the partitioning of variation in bacterial community compositions (BCCs) by environmental parameters (Env.) and by principal coordinates of neighbor matrices (PCNM). ***Permutation test p-value = 0.001. (B) Modified stochasticity ratio (MST) estimated stochasticity in particle-attached (PA) and free-living (FL) bacterial community assembly. (C) Zi-Pi chart illustrating the assignment of nodes according to their topological roles. Each point denotes an OTU in the PA and FL lifestyles.


Taxonomy distribution at the phylum and genus levels and across seasons for both PA and FL lifestyles are shown in Figure 2B and Supplementary Figure 5. Taxa from a total of 17 phyla were observed. Within the PA lifestyle, dominant phyla included Proteobacteria (40.5%), Actinobacteria (18.1%), and Cyanobacteria (18.1%). By contrast, within the FL fraction, the dominant phyla were Actinobacteria (54.5%), Proteobacteria (28.8%), and Bacteroidetes (6.3%). Notably, both the BCCPA and BCCFL in autumn were distinctly different from those in other seasons. In autumn, the dominant phyla of the PA community were Proteobacteria (79.0%), Actinobacteria (13.7%), and Firmicutes (5.1%) while those of FL were Actinobacteria (70.9%), Proteobacteria (19.6%), and Bacteroidetes (5.3%).

Functional annotation of prokaryotic taxa (FAPROTAX) analysis indicated that 13 bacterial metabolic functions were significantly enriched in the PA or FL lifestyles in Lake Tianmu (Figures 3A, B). Across these two communities, 19 functional types had representation higher than would be expected at random. Among them, chlorate-reduction, chloroplasts, nitrogen respiration, nitrogen fixation, nitrate denitrification, and human-associated were significantly higher in the PA lifestyle, while photosynthesis, methylotrophy, methanol oxidation, ligninolysis, and ureolysis were significantly higher in the FL lifestyle (Figure 3B).



Environmental and spatial factors affecting PA and FL bacterial communities

Mantel test showed a significant correlation between environmental factors and BCC of both lifestyles (PA: r = 0.308, p < 0.001; FL: r = 0.438, p < 0.001) (Figure 3C). RDA indicated that 54.8% of the variation in BCCPA was explained by five environmental parameters: NH4+, SS, TDP, TN, and PO43– (Figure 4A). Among them, NH4+ was the most important and accounted for 19.1% of the total. Five environmental parameters, Chl-a, PO43–, pH, SS, and COD, explained 58.1% of the variation in BCCFL. Among them, Chl-a was the most important and accounted for 20.5% of the total (Figure 4B).

Principal coordinates of neighbor matrices analysis demonstrated that 34.2 and 57.5% of the variation in BCCPA and BCCFL, respectively, could be explained by a combination of environmental parameters and spatial factors (Figure 5A). The proportion of variation explained by pure environmental factors in BCCFL (43.7%) was higher than that in BCCPA (26.3%).



The assembly processes for PA and FL bacterial communities

Modified stochasticity ratio analysis indicated that t deterministic processes (MST < 0.5) dominated the assembly of both PA and FL bacterial communities (MST PA: 0.241 ± 0.231; FL: 0.386 ± 0.370) (Figure 5B). However, the estimated value of ecological stochasticity was greater in the FL lifestyle than in the PA lifestyle.



The co-occurrence networks for PA and FL bacterial communities

To elucidate interactions between the bacterial taxon of PA and FL lifestyles, co-occurrence networks for both lifestyles were built. The resulting PA network had 507 edges with 110 nodes remaining, while the FL had 1,420 edges with 146 nodes remaining (Supplementary Figure 7 and Table 1). The topological properties, for example, APL and AvgCC, of the empirical networks of both lifestyles had significantly higher values than those of random networks. Both PA and FL networks were characterized by non-random and high interconnectivity and efficiency as indicated by small values in the “small-world” coefficients (σ > 1) (PA: 2.25; FL: 3.59). The FL network produced higher values of AD, GD, and connectivity compared to the PA network (Table 1), indicating more connections and interactions between the species of the FL lifestyle compared to those of the PA lifestyle. By contrast, analysis of robustness indicated greater stability in the PA network compared to the FL (PA: 0.25 ± 0.05, FL: 0.15 ± 0.06). PA and FL co-occurrence patterns were mostly positively structured (PA: 99.4%: FL: 93.2%).


TABLE 1    Major topological attributes of co-occurrence network within particle-attached (PA) and free-living (FL) lifestyles in Lake Tianmu.
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To compare the ecological functions of keystone taxa in the interaction between PA and FL bacteria, the keystone taxa identified from both groups are shown in Figure 5C. The majority of OTUs categorized in both lifestyles were peripherals (PA, 99.1%; FL, 98.6%) with the majority of correlations falling within their own modules (Figure 5C). However, one module hub (OTU0052, assigned to the genus Cyanobium and the phylum Cyanobacteria) was identified solely in PA. Two connectors were identified in FL, OTU0109 and OTU0166, identified as Brevundimonas and Sphingomonas, respectively, both of which belong to the phylum Proteobacteria (Figure 5C).

Environmental parameters were imported into the networks to elucidate the relationship between bacteria within each lifestyle and environmental parameters (Figure 6). Numerous significant correlations between bacterial OTUs and environmental parameters (p < 0.01) were observed in these two networks. The FL network contained more negative correlations and correlations to more environmental parameters than the PA network (Figure 6 and Supplementary Table 3). Among environmental factors, WT, TP, and Chl-a were mostly negatively correlated with the PA and FL networks. Only NO3– and TDN exhibited a significant positive correlation with both networks.
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FIGURE 6
Species–species and species–environment association networks in the particle-attached (PA) and free-living (FL) bacterial lifestyles. A connection denotes a significant correlation coefficients of abs (r) > 0.80 (p < 0.01). Different colors denote different phyla. Green lines indicate negative correlations. Red lines indicate positive correlations. Environmental variables: water temperature (WT), total nitrogen (TN), total phosphorus (TP), total dissolved phosphorous (TDP), total dissolved nitrogen (TDN), nitrate (NO3–), and chlorophyll-a (Chl-a).





Discussion


Spatiotemporal variations of PA and FL bacterial communities

Our results demonstrated that α-diversity and BCCS of both PA and FL lifestyles varied by season (Figures 1, 2). This is consistent with the observations of other mesotrophic and eutrophic lakes, including mesotrophic Lake Tiefwaren, Germany (Roesel et al., 2012), and eutrophic Lake Taihu, China (Shen et al., 2022). This temporal variation may be attributed to environmental parameters (e.g., PO43–, NH4+, and Chl-a) driven by seasonal alternation (Ortega-Retuerta et al., 2013; He et al., 2018; Yang et al., 2022). In our study, NH4+ and Chl-a were primary contributors to shaping the temporal variation in BCCs of PA and FL communities, respectively (Figure 4). NH4+ is generally of great importance in determining the distribution of bacterial communities. Large amounts of nitrogen are required for bacteria to synthesize their primary cellular components, including amino sugars, purines, pyrimidines, and amino acids (Diaz-Torres et al., 2022). In addition, Chl-a is widely used as an indicator of phytoplankton biomass (Buchan et al., 2014), and the metabolic interaction between bacteria and phytoplankton can lead to either mutual suppression or stimulation of their respective growth. For example, it is well known that phytoplankton competes with bacteria for necessary inorganic nutrients but also supplies organic matter through photosynthesis that is used by bacteria (He et al., 2018). Consistent with this idea, Ortega-Retuerta et al. (2013) reported that Chl-a was the primary factor affecting the structure of FL bacterial communities in surface waters from the Mackenzie River to the Beaufort Sea. However, other mechanisms likely influence the seasonal variations of both PA and FL bacterial communities in Lake Tianmu. For example, seasonal differences in precipitation could and likely affect bacterial composition via the deposition of soil-associated bacteria via runoff leading to a detectable seasonal footprint.

The lowest values in diversity indices for both PA and FL were recorded in autumn (Figure 1). In addition, the greatest seasonal differences in BCC for both lifestyles occur between autumn and the other three seasons (Figure 2). Similar results were observed in PA and FL bacterial communities in eutrophic Lake Taihu (Shen et al., 2022). Three phenomena may help explain these results. The first is environmental filtering, which can be of great importance to bacterial community structure by limiting or removing taxa unable to compete under given conditions. In this case, environmental filtering could have occurred via nitrate limitation, as the lowest NO3– concentrations were recorded in autumn (Supplementary Figure 2). Second, interspecific interactions were weakest in autumn (Supplementary Figure 7), indicating fewer ecological associations among bacterial communities during this period (Jiao et al., 2020). Finally, as a deep-water lake, the water column of Lake Tianmu is fully mixed by convection in autumn. Loss of stratification can lead to a decline in water quality and notably changes the physical and chemical parameters of the water column leading to large differences in diversity and composition between seasons (Zhang et al., 2003; Zhou et al., 2021).

Functional annotation revealed a rich collection of metabolic types occurring in both PA and FL bacteria as well as highlighting significant differences between the groups (Figure 3B). The genetic capacity for cycling of nitrogen (nitrogen respiration, nitrogen fixation, and nitrate denitrification) was more enriched in PA bacteria than in FL counterparts. Enrichment of the genera Burkholderia and Brevundimonas (both of Proteobacteria) in the PA lifestyle was consistent with this observation. Burkholderia has been shown to participate in nitrate reduction and nitrite oxidation in other lakes (Llorens-Mares et al., 2020), while Brevundimonas can utilize various organic substrates under aerobic conditions and use nitrate and nitrite as electron acceptors (Kragelund et al., 2005). By contrast, photosynthesis and cycling of carbon (methylotrophy and methanol oxidation) were more enriched in the FL lifestyle. The cyanobacteria Synechococcus is a major participant in the global carbon cycle and a contributor to primary productivity (Liu et al., 2015). The functional difference between PA and FL bacteria can be partly explained by the interactions between keystone taxa and other bacterial species (Ma et al., 2020). For example, nitrogen-fixing bacteria supply inorganic nitrogen to cyanobacteria in exchange for organic exudates (Yang et al., 2017). In another example, the genera Sphingopyxis and Limnobacter (of Proteobacteria) can degrade microcystins produced by Cyanobacteria (Yang et al., 2017; Xu et al., 2021). On a separate note, human-associated pathogenic bacteria were enriched in both the PA and FL fractions in Lake Tianmu, which may pose a health hazard to humans reliant on Lake Tianmu for water (Li et al., 2021).



The assembly processes for PA and FL bacterial communities in reservoirs

Our results suggest that deterministic processes (i.e., environmental filtering and interspecific interactions) were dominant in bacterial community assembly regardless of PA or FL fractions (Figure 5B). The results indicated that environmental filtering and interspecific interactions contributed more to assembly processes than any stochastic processes (e.g., ecological drift). Nutrients are probably the fundamental contributors governing deterministic processes (Zhao et al., 2017a), and in this study, nutrient species such as NH4+ and PO43– likely contributed the most. The influence of environmental filtration was greater on the FL bacterial community than on the PA bacterial community (Figure 5A and Supplementary Figure 6). Similar results were observed in eutrophic Lake Taihu (Zhao et al., 2017b). This finding can be partially explained using the size-dispersal hypothesis, which asserts that organisms of smaller size are more vulnerable to environmental filtration (Liu et al., 2019). Another probable explanation is that particulate matter provides a habitat that protects PA bacteria from unfavorable environmental conditions, while FL bacteria are more exposed and more directly affected by environmental parameters such as Chl-a and PO43– (Liu et al., 2019). In our study, Chl-a and PO43– together accounted for 35.2% of the variation in the FL lifestyle (Figure 4B), and interaction between Chl-a and FL bacteria provides additional support and explanation for the above viewpoint (Figure 6).

Despite the dominance of deterministic processes, community assembly within the FL lifestyle was partially shaped by stochastic processes (Figure 5B). This finding is consistent with previous observations in Lake Taihu (Shen et al., 2022). Increased productivity generally increases the relative contribution of stochastic assembly processes within a community (Chase, 2010). In this study, the FL lifestyle had a higher mean abundance (mean = 2.3 ± 1.8 × 106 cells/ml) compared to the PA lifestyle (mean = 1.1 ± 1.0 × 106 cells/ml) (data not shown). Furthermore, Zhou et al. (2014) found that competitive interactions intensified disparities in the structure of communities that originate from stochastic processes once the communities are stimulated. In this case, stimulation was defined as inputs that reduce competition and diminish niche selection (Zhou et al., 2014). As discussed earlier, FL bacteria are more vulnerable to stimulation compared to PA bacteria due to the lack of particle shelter.



The co-occurrence patterns for PA and FL bacterial communities in reservoirs

In this study, the FL network had more nodes and edges and higher values of AD and GD than did the PA network (Supplementary Figure 7 and Table 1), indicating more ecological connections in the FL network. The FL network contained more ecological associations and more keystone taxa than did the PA network, indicating higher overall network and community complexity in the FL lifestyle (Figure 5C) (Liu S. W. et al., 2022). This conclusion is consistent with our finding of a negative correlation between community diversity and complexity. The lower complexity of the PA lifestyle in this study may be related to its higher α-diversity (Goyal, 2022). Cao et al. (2018) found that habitats with more limited nutrient availability maintained more complex co-occurrence patterns within a bacterial community. Conversely, the abundant nutrient availability typically associated with particle surfaces likely produces a greater diversity of microhabitats to which bacteria in the PA lifestyle may adapt (Mohit et al., 2014; Xu et al., 2018). Nutrient availability was relatively limited in the water column compared with organic particles, which likely induced stronger competition for resources within the FL lifestyle than in the PA lifestyle (Zhou et al., 2014). Thus, our observations in Lake Tianmu are consistent with this described phenomenon. However, tests of robustness indicated that greater stability was maintained in the PA lifestyle than in the FL lifestyle (PA: 0.25 ± 0.05, FL: 0.15 ± 0.06). Similarly, lower connectivity and higher modularity in the PA network suggest that this community was inherently more resistant to environmental perturbation than the FL bacterial community (Yang et al., 2017; Liu S. W. et al., 2022). For this study, the above results from the correlation of complexity and stability analyses might be summarized as bacterial communities with high diversity but low complexity and weak interaction, remaining more stable (Goyal, 2022). There are two intuitive explanations for this phenomenon. First, when species in a community interact strongly, negative effects on stability are more likely to occur when a valuable ecological function is lost (Huelsmann and Ackermann, 2022). Second, communities with high diversity likely comprise multiple species with redundant functions but possibly differing abilities to withstand perturbation, thus if the function of one species is disturbed, other species are available to replace that function (Huelsmann and Ackermann, 2022).

Keystone taxa are of great importance in community structure and function due to their distinctive and integral biological interactions (Liu S. W. et al., 2022). Two connectors (OTU0109 and OTU0166 assigned to Proteobacteria) were identified in the FL network, while only one module hub (OTU0052; assigned to Cyanobacteria) was identified in the PA network (Figure 5C), indicating that keystone taxa in PA and FL networks played distinct topological roles. As the keystone taxon in the PA network, Cyanobacteria can provide nutrients and organic substrates used by heterotrophic bacteria through either photosynthesis or by serving as prey to antagonistic bacteria (Yang et al., 2017). In the FL network, OUT0109 and OUT0166 were assigned to the genera Brevundimonas and Sphingomonas, respectively, but both played the same topological role as a connector. Previous studies have reported that Brevundimonas can serve in the functions of biosorption of pollutants, hydrolysis of lactose, degradation of quinoline, and the promotion of growth of Chlorella (Yang et al., 2017). Sphingomonas are capable of degrading various complex organics (Cheng et al., 2019). While OTU0052 (PA) had the capacity to contribute to the production and cycling of nutrients, OUT0109 and OTU0166 (FL) had the capacities to degrade pollutants and repair the environment, indicating that keystone taxa of PA and FL bacterial communities engaged in distinctly different ecological functions. The high abundance of Cyanobacteria and Proteobacteria in both PA and FL networks (Figure 2B) further supports their indispensable function in the Lake Tianmu ecosystem. A note of caution is due here since the mentioned functions are inferred from 16S sequencing, where bacteria with similar or even identical 16S sequences may have very different putative functions.

A greater number of negative interactions were observed in the FL network compared to the PA network (Supplementary Table 3). This is consistent with the fact that the structure of FL bacterial communities was significantly correlated to more environmental parameters than were the PA bacterial communities (Figure 6), which suggests that environmental filtration had a greater impact on the FL lifestyle than on the PA lifestyle. TDN and NO3– had significant positive correlations with OTUs in both lifestyles, indicating, that high N concentrations favored species in both networks. By contrast, WT, TP, and Chl-a were negatively correlated with OTUs in both networks. WT exhibited a strong control over co-occurrence patterns, probably due to its effects on multiple biotic and abiotic factors (Jiao et al., 2020) including the growth and respiration of bacteria (Martinez-Garcia et al., 2022). High concentrations of TP and chlorophyll indicate continued eutrophication of the lake, which is frequently associated with the release of harmful algal toxins and can lead to hypoxia as heterotrophic bacteria consume oxygen while degrading excess algal biomass (Yue et al., 2021). Previous studies reported that a high concentration of Chl-a and TP in Lake Tianmu has contributed greatly to the recent decline in water quality (Yang et al., 2021). Our results provide ecological insights into distinct interactions between environmental parameters and PA and FL bacterial communities in Lake Tianmu.




Conclusion

We found obvious temporal and spatial variations in the PA and FL bacterial communities of Lake Tianmu, an artificial reservoir in east-central China. Putative genetic capacity for cycling of nitrogen and carbon was abundant in PA and FL communities, respectively. Deterministic processes were the primary contributors in shaping the assembly of bacterial communities for both lifestyles. However, the structures of PA and FL bacterial communities were shaped by different environmental parameters. Bacterial diversity and complex interspecies interactions drove the difference in co-occurrence between PA and FL lifestyles. The PA network contained one module hub assigned to Cyanobacteria with the network function of mediating biogeochemical cycles. The FL network contained two connectors assigned to Brevundimonas and Sphingomonas with the network function of degradation of pollutants. PA bacteria were more resistant in the face of changing environmental conditions. Our findings highlight the similarities and differences in assembly processes and responses to environmental variation for PA and FL bacterial communities in a drinking water reservoir.
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Colonial Volvocine Algae (CVA) are of great significance for biological evolution study, but little is presently known about their biogeographic distribution. Meanwhile, with the impact of climate change and human activities, their effects on the distribution and structures of CVA communities also remain largely unknown. Herein, the biogeography of CVA was investigated in the Yangtze River basin, 172 sampling sites were set up within a catchment area of 1,800,000  km2, and the distribution and community composition of CVA were studied using single-molecule real-time sequencing and metabarcoding technology based on the full-length 18S sequence. In 76 sampling sites, CVA was discovered in two families, eight genera, and nine species. Eudorina and Colemanosphaera were the main dominant genus. Based on the result of the random forest model and Eta-squared value, the distribution of CVA was significantly influenced by water temperature, altitude, and TP. CVA could be suitably distributed at an average water temperature of 22°C, an average TP concentration of 0.06 mg/L, and an altitude lower than 3,920  m. To assess the effects of anthropogenic pollution on the structures and co-occurrence patterns of CVA communities, we used a stress index calculated by 10 environmental factors to divide the CVA community into low and high pollution group. Network analysis showed that greater pollution levels would have a negative impact on the co-occurrence patterns and diversity of the CVA community. Finally, to study the scientific distribution of CVA under current and future climate change scenarios, we analyzed the climate suitability regionalization of CVA with the maximum entropy model based on 19 climatic factors and four climate scenarios from 2021 to 2040 published by CMIP6. Our results reveal the suitable areas of CVA, and temperature is an important environmental factor affecting the distribution of CVA. With the change of climate in the future, the Three Gorges Reservoir Area, Chaohu Lake, and Taihu Lake are still highly suitable areas for CVA, but the habitat of CVA may be fragmented, and more thorough temporal surveys and sampling of the sediment or mud are needed to investigate the fragmentation of CVA.
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1. Introduction

The Yangtze River Basin stretches across the three major geographical regions of western, central, and eastern China. The climate spans the tropical, subtropical, and warm temperate zones, and flows through 19 provinces and cities (autonomous regions and province-level municipality) from west to east, it covers an area of approximately 1.8 × 106 km2, accounting for 18.8% of China’s land area, it is an important ecological security barrier area in China due to its complex landform and diverse ecosystem types (Qu et al., 2018). The Yangtze River is the largest and longest river in China, its basin has elevation varying from 0 to 5,000 m with latitude from 25’N to 35’N. The Tanggula Mountains in the Tibetan Plateau’s southwest are the source of the Yangtze River’s mainstream. According to the variations in hydrology and topography, the mainstream can be classified into the following areas: the source region in Qinghai province, the Jinsha River (from Zhimenda in Qinghai province to Yibin in Sichuan province), the upper region from the Yibin city to Yichang city (Three Gorges Dam site), the middle region from Yichang city to Hukou (Poyang Lake mouth), the lower region from Hukou to Datong, and below Datong is the estuary (Wang et al., 2007). The Yangtze River has a well-developed water system, with thousands of large and small tributaries converging along the mainstream, of which the most significant are eight primary tributaries, namely, Yalong River, Minjiang River, Jialing River, Wujiang River, Hanjiang River, Yuanjiang River, Xiangjiang River, and Ganjiang River. There are also numerous lakes and reservoirs in the Yangtze River basin, all of which have ecological and social significance, including Poyang Lake, Dongting Lake, Taihu Lake, Chaohu Lake, Danjiangkou Reservoir, and the Three Gorges Reservoir. These tributaries and lakes/reservoirs have greatly enriched the diversity of the ecosystem in the Yangtze River basin and actively contributed to the social, economic, and cultural development of various regions.

Colonial volvocine algae (CVA) belong to Volvocales (Chlorophyceae and Chlorophyta), and consist of three families, Volvocaceae, Goniaceae, and Tetrabaenaceae (Desnitskiy, 2020). CVA covers all kinds of representative species from simple to complex in biological structure and reproductive mode, so it is frequently used in the study of single-cell to multicellular evolution, cell differentiation, and reproductive evolution, but its geographical distribution is much less discussed. The most recent study shows that there are at least 50 species of this group (Lindsey et al., 2021). Since more than 10 new CVA species have been discovered in recent years, additional research is still needed to uncover this group’s hidden biodiversity (Herron and Nedelcu, 2015). China is a vast country with an abundance of resources, and the varied environmental conditions must breed a variety of CVA species. However, there has been little research on the taxonomy of this group in China, China has only described less than 20 species of CVA to date, and there is still a lot of space to be explored (Hu and Wei, 2006; Yang, 2006; Hong et al., 2010; Hu et al., 2016, 2020; Hu, 2020). Meanwhile, the geographical distribution of CVA attracts attention much less often worldwide (Desnitskiy, 2020), and there is no biogeography research on CVA in China until now.

While worldwide water and temperature distribution is currently impacted by climate change, the distribution of algae is mostly constrained by factors such as water temperature, light, elevation, and CO2 concentration. Since the Fourth Industrial Revolution, the trend of global warming has intensified, resulting in a significant decrease in suitable habitats for some species and habitat fragmentation, putting many species in danger of extinction or already extinct, which has had a significant negative impact on ecological security and biodiversity (Basso et al., 2018; Vincent et al., 2020). Nearly one-sixth of all species in the world are currently threatened in varying degrees. Some research shows that with the rise of global temperature in the future, the risk of extinction of endangered species will greatly increase (Cao et al., 2020). Therefore, in the context of global warming, this study took the Yangtze River basin as an example to explore the geographical distribution pattern of CVA, which will contribute to the taxonomy and biogeography of CVA, thus maintaining its diversity.



2. Materials and method


2.1. Sampling

Water samples were collected in the Yangtze River basin during summer (July to October) in 2020. A total of 172 sampling sites were set from the source region to the estuary area of the Yangtze river basin, the sampling area included the mainstream of the Yangtze river (the source region, the Jinsha river, the upper, middle, lower, and estuary region), the primary tributary of the Yangtze river (the Yalong Jiang River, the Minjiang River, the Wujiang River, the Jialin Jiang River, the Xiangjiang River, the Yuanjiang River, the Hanjiang River, and the Ganjiang River), and the reservoirs and lakes (the Dianchi Lake, the Dongtinghu Lake, the Poyanghu Lake, the Chaohu Lake, the Taihu Lake, the Danjiangkou Reservoir, and the Three Gorges Reservoir) (Figure 1).
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FIGURE 1
 Presence and absence of colonial volvocine algae in each sampling sites.


For each sampling site, 1.5 l of water was collected to a sterile PET bottle and immediately transported to an adjacent laboratory at a low temperature of 0 ~ 4°C. Following that, all the water was filtered through 0.22 μm polycarbonate membranes (Millipore, United States), which were then kept frozen at −80°C until DNA extraction.

The longitude, latitude, and elevation of each sampling site were recorded using a handheld GPS device (Magellan, United States) in the field. Water physicochemical parameters, including total phosphorus (TP), total nitrogen (TN), ammonium nitrogen (NH4+-N), COD, BOD, Chlorophyll a (chla), and CODMn, were measured according to the Water and Waste Water Monitoring and Analysis Standard Methods (Editorial Committee of Ministry Environmental protection of China, 2002). The other conventional water parameters, including dissolved oxygen (DO), water temperature (Temp), pH, and conductivity (SPC), were measured by a portable multi-parameter water quality analyzer (Xylem) in situ.



2.2. DNA extraction, PCR amplification, and sequencing

Genomic DNA was extracted using the DNA extraction Kit (TGuide S96 Magnetic Universal DNA Kit, TIANGEN) according to the manufacturer’s protocols. Then, the full-length 18S ribosomal RNA gene was amplified by PCR (95°C for 4 min, followed by 35 cycles at 98°C for 15 s, 55°C for 30 s, and 72°C for 2 min, and a final extension at 72°C for 7 min) using barcoded primers Euk-A (AACCTGGTTGA TCCTGCCAGT) and Euk-B (GATCCTTCTGCAGGTTCACCTAC) (Full-length, ∼2,000–2,540 bp) (Countway et al., 2005; Callahan et al., 2019; Liu et al., 2021). PCR reactions were performed in triplicate 30 μL mixture containing 11.7 μL of nuclease-free water, 15 μL of PCR Mix (KOD OneTM PCR Master Mix, Toyobo), 1.8 μL of each primer (5 μM), and 1.5 μL of template DNA.

Amplicons were extracted from 2% agarose gels and purified using the Monarch DNA Gel Extraction Kit (New England Biolabs, Ipswich MA, United States) according to the manufacturer’s instructions and quantified using a microplate reader (GeneCompang Limited, synergy HTX). Purified amplicons were pooled in equimolar amounts and sequenced on the PacBio Sequel II platform (PacBio, United States).



2.3. Bioinformatics analysis

Raw reads were demultiplexed using lima v1.7.0 (github.com/pacificbiosciences/barcoding) based on barcode sequence, then the circular consensus sequence (CCS) reads were generated from the raw PacBio sequencing data by SMRT link v8 (www.pacb.com/products-and-services/analytical-software/smrt-analysis/). The adapter sequences in CCS were removed by Cutadapt v1.17 (Martin, 2011). Then, the CCS were analyzed using the software package DADA2 in R (Callahan et al., 2016), and the parameters were set according to the study of reference (Callahan et al., 2019).

Although Volvocales also contains other colonial flagellate algae, such as Spondylomoraceae and Haematococcaceae, these species are uncommon and with low concern, hence they are not included in the scope of this study (Desnitskiy, 2020), so we only consider algae belong to Volvocaceae, Goniaceae, and Tetrabaenaceae. For the taxonomy assignment, we built the reference database of CVA according to the study of Wang et al. (2019). All colonial volvocine algae sequences of 18S rRNA reads were downloaded from the NCBI Nucleotide database,1 short reads (less than 1,500 bp), and redundant reads were eliminated by CD-HIT (Fu et al., 2012), then the phylogenetic analysis was performed by MAFFT v7.490 (Katoh and Standley, 2013) and FastTree v2.1.11 (Price et al., 2010), and incorrect reads were discarded. The taxonomical assignment of each amplicon sequence variants (ASVs) was analyzed by BLASTn search with BLAST+ (Camacho et al., 2009) against the local reference database. Each ASV that had been annotated as CVA had its sequence further blasted to the NT database using a BLAST online search.2 The taxonomic information of each ASV was manually checked, and if the results did not match with each other, the ASVs were discarded. Finally, ASVs that were blasted to the local reference with a similarity greater than 98.8% were then used for further analysis.



2.4. Statistical analysis

The categorical variable data do not necessarily have a linear relationship with the scaled data, so the Eta-squared value was used as the correlation coefficient to determine the correlation between the existence of CVA and environmental factors, the Eta-squared values of 0.14, 0.06, and 0.01 were considered a strong, moderate, and weak correlation, respectively (Toloraia et al., 2022). The Eta-squared function in the “Lsr v0.5.2” R packages was used to calculate the Eta-squared value.

The Random Forest Algorithm was also utilized to determine the relationship between the presence of CVA and environmental parameters (Altitude, Temp, pH, SPC, BOD, DO, CODMn, NH4-N+, COD, TN, TP). The “randomForest v4.7.1.1” R packages were used to implement the Random Forest algorithm. There are 172 dataset groupings used in total. For creating a random forest model, 70% of dataset groups are randomly chosen as training samples, while 30% of dataset groups are randomly chosen as test samples. Inappropriate values of ntree and mtry may lead to the model being underfitted or overfitted. An increased for-loop was used to determine the best parameter value, and the mean square error was used to assess the model’s correctness. Finally, the best parameters of our model are mtry = 2 and ntree = 400.

The Canonical correspondence analysis (CCA), Detrended correspondence analysis (DCA), Variance Inflation Factor (VIF), and Mantel test were performed to analyze the association between the CVA community composition and environmental conditions using the R “vegan v2.6.4” package. For community species data with lots of zero values, Hellinger’s transformation was applied (Legendre and Gallagher, 2001), environmental factors with VIF of more than 10 were eliminated (Kennedy, 1992), and DCA was then used to analyze the data, CCA was utilized for analysis because it was discovered that the maximum axis length was greater than 4 (Li and Kendrick, 1995).

To reveal how the pollution gradient variation affects CVA distribution along the basin, 10 environmental parameters (TP, TN, NH4+-N, COD, chla, CODMn, DO, Temp, pH, and SPC) were selected and normalized by Z-score normalization, then the average value of all environmental parameters was used as the stress index, and all samples were split into low pollution and high pollution using the 50th percentile of the stress index as boundaries (Rooney and Bayley, 2010). For these two groups, the co-occurrence network was explored based on the Spearman’s correlation matrix assembled with R package “igraph v1.3.5” (Csardi and Nepusz, 2006) and visualized based on Gephi v0.9.1 software according to related study (Zhang et al., 2020).

MaxEnt software 3.4.1 (Princeton University, Princeton, NJ, United States) was used to analyze the potential distribution of CVA. The occurrence data of CVA were obtained from this study. The WorldClim v2.13 provided the environmental variables we used for this study, the standard 19 WorldClim Bioclimatic variables (Details of each bioclimatic variable please refer to4) of 1970–2000 were download as the near current data, the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.54 emission scenarios of 2021–2040 were download as the future data, and the GCM chose the BCC-CSM2-MR. The obtained species distribution data and the current climate factor data were imported into MaxEnt v3.4.4 software. The environment factor was set as a continuous variable, a response curve was created, and the jackknife method was used. 25% of the data were chosen as the test set, 75% as the training set, and other parameters were set to default values. We repeated the analysis ten times. The contribution rates of 19 climate factors were simulated by the jackknife method. Factors with contribution rates greater than 0 were retained. Pearson correlation coefficients were analyzed for the retained climate factors. All the factors were kept if the correlation coefficients were less than 0.8. If the correlation coefficient is greater than 0.8, compare the contribution rate from the original simulation and keep the climate factors with a higher contribution rate. Finally, seven climatic components were chosen to reconstruct the maximum entropy model of CVA in the Yangtze River basin, including Isothermality (Bio3), Temperature Annual Range (Bio7), Mean Temperature of Wettest Quarter (Bio8), Mean Temperature of Warmest Quarter (Bio10), Mean Temperature of Coldest Quarter (Bio11), Precipitation of Wettest Quarter (Bio16), and Precipitation of Coldest Quarter (Bio19).




3. Results


3.1. Biogeography patterns of colonial volvocine algae communities

In this work, we used the PacBio Sequel II high-throughput sequencing method to analyze 172 samples. For these samples, the raw CCS ranged from 5,000 to 7,629, with its average length ranging from 1,690 to 1825 bp. After proceeding by DADA2, a total of 9,309 ASVs were retrieved from this method, and the sequence length ranged from 1,225 bp to 2005 bp, with an average value of 1771 bp, a median value of 1753 bp (Supplementary Figure 1). After annotating with the local database, 34 ASVs belonging to CVA were classified. For the CVA sequences, the sequence length ranged from 1740 bp to 1747 bp, with an average value of 1743 bp, a median value of 1743 bp.

A total of 172 sampling sites were set in this study, CVA was discovered in 76 sampling sites, which are distributed in the upper, middle, and lower areas of the Yangtze River, various lakes/reservoirs, and some tributaries (Figure 1; Supplementary Figure 2). For the mainstream of the Yangtze River, CVA is present in the upper, middle, and lower areas of the Yangtze River, but not in the source area of the Yangtze River (Tibet and Qinghai Province). For the primary tributaries, only five of the eight tributaries have found CVA (including Yalong River, Minjiang River, Jialing River, Hanjiang River, and Xiangjiang River). For lakes/reservoirs, all of the lakes and reservoirs in the Yangtze River basin have found CVA (the Dianchi Lake, the Dongtinghu Lake, the Poyanghu Lake, the Chaohu Lake, the Taihu Lake, the Danjiangkou Reservoir, and the Three Gorges Reservoir).

Gonium, a member of the Goniaceae family, and Pandorina, Volvulina, Platydorina, Colemanosphaera, Yamagishiella, Eudorina, and Pleodorina, members of the Volvocaceae family were among the 2 families and 8 genera discovered in this study. Except for Platydorina, most of the genera are widely dispersed around the globe. The community composition of CVA is depicted in Figure 2A. The Yangtze River’s mainstream and its tributaries share a similar community structure, with Eudorina and Colemanosphaera being the dominant species. Colemanosphaera and Yamagishiella are the two dominate genera in lake, the relative abundance of other genera is minimal. Eudorina, Colemanosphaera, and Volvulina are the three genera discovered in the Yangtze River basin with a frequency higher than 10, and all other genera have a frequency of finding below ten (Figure 2B). For the species level, 9 species were discovered in our study, including Colemanosphaera charkowiensis, Eudorina elegans, Gonium pectorale, Pandorina morum, Platydorina caudata, Pleodorina illinoisensis, Pleodorina starrii, Volvulina compacta, and Yamagishiella unicocca. The top two species with the highest relative abundance were Colemanosphaera charkowiensis and Eudorina elegans (Figure 2C). In conclusion, Eudorina and Colemanosphaera are the main dominant group in CVA in the Yangtze River basin, with a high relative abundance and extensive distribution (high frequency of detection).
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FIGURE 2
 Relative abundance and occurrence number of colonial volvocine algae in the Yangtze River Basin. (A) Relative abundance. (B) Occurrence number. (C) Relative abundance of each species.




3.2. Environmental effects on the presence/absence of colonial volvocine algae

We conduct a Wilcoxon rank-sum test on the differences in environmental factors between CVA Presence/Absence sampling sites to examine the influence of environmental factors on the CVA biogeographical distribution. The results (Figure 3) showed that the Temp and TP at the CVA presence sites have a significantly higher value than those areas without CVA.
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FIGURE 3
 Environmental difference between presence/absence sites of colonial volvocine algae. *p < 0.05; ***p < 0.001; NS, Not significant.


To further evaluate whether environmental factors will have a major impact on the existence of CVA, we employed the Eta-squared value in statistics and the random forest method in machine learning. Temp, Altitude, and TP are environmental parameters with Eta-squared values greater than 0.01 (stronger than weak connection), as shown in Figure 4. The highest Eta-squared value for Temp among them is 0.089, which falls inside the model-strong correlation. Altitude and TP are in the weak-model association, with the Eta-squared values 0.04 and 0.032, respectively. Figure 5 displays the outcome of the random forest model. According to Calle and Urrea (2011), mean decrease accuracy (MDA) and mean decrease Gini (MDG) can both be used to quantify the importance of a variable. These two different measures of importance revealed the same conclusion: Temp, Altitude, and SPC have the greatest influence on the existence of CVA.

[image: Figure 4]

FIGURE 4
 Eta-squared value of different environmental factors for the presence/absence of colonial volvocine algae.
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FIGURE 5
 The importance of different environmental factors to the presence/absence of colonial volvocine algae based on random forest model.


The results of two different analysis approaches, the random forest model in machine learning or the correlation coefficient employed in statistics, demonstrate that Temp and altitude are significant environmental factors determining the occurrence of CVA. Further evidence shows that TP is a significant environmental factor influencing the existence of CVA comes from the difference in environmental factors between CVA Presence/Absence sample sites and Eta-squared value.



3.3. Environmental effects on community structure of colonial volvocine algae

We further analyzed which environmental factors will have a substantial impact on the community composition of CVA. The community structure of CVA for the entire community as determined by CCA (Figure 6A) is influenced by SPC, Altitude, pH, COD, Temperature, and DO (p < 0.05). Utilizing the Monte Carlo fitting method, it was shown that SPC (R2 = 0.69, p < 0.01) and Altitude (R2 = 0.67, p < 0.01) are the variables that have the most explanatory power for the CVA community.
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FIGURE 6
 The CCA analysis and Mantel test between the different environmental factors and colonial volvocine algae community. (A) CCA analysis. (B) Mantel test.


We further analyzed the influence of each environmental factor in each genus (Figure 6B). The environmental factors significantly affected each genus are different, with R2 > 0.25 and p < 0.05 as the standards: the community structure of Pandorina and Platydorina is significantly affected by Temp and pH. Volvulina is significantly affected by DO. Colemanosphaera is significantly affected by TN. Pleodorina is significantly affected by TP. Yamagishiella is significantly affected by Temp, pH, and DO.



3.4. Impacts of anthropogenic pollution on CVA interspecific co-occurrence pattern

Rivers are under multiple threats from land-use change, fragmentation, and pollution (Li et al., 2020), and it has been estimated that anthropogenic sources are predicted to contribute the majority of river nutrients (Beusen et al., 2022). The algae community that makes up river ecosystems would suffer greatly from the extensive discharge of pollutants. Network co-occurrence patterns can show how ecosystems evolve in response to intervention (Woodward et al., 2010a,b). Research on biodiversity and ecosystem function has suggested using an ecological network as a conceptual framework (Thompson et al., 2012). So, ecological network analysis is a strong and potentially effective technique for monitoring and evaluating biological processes (Compson et al., 2018).

Here, unique network topology was observed in co-occurrence patterns of different taxonomic groups at each stress level in the Yangtze River basin. The number of nodes was the same in low pollution (Figure 7A) and high pollution (Figure 7B) levels based on the network analysis, but the low pollution level has the higher edges number (528), average degree (32), graph diameter (0.06), graph density (1), and clustering coefficient (1) than in high pollution level, and the corresponding values of each feature in high pollution level were 522, 31.64, 0.05, 0.98, and 0.98, respectively. So, these features suggest a more complicated ecological interaction in the low pollution level.

[image: Figure 7]

FIGURE 7
 Ecological interaction network between CVA at each stress level based on the Spearman correlation analysis. (A) Low pollution. (B) High pollution.




3.5. Potential distribution of colonial volvocine algae in the Yangtze River basin

The suitability of the CVA geographical simulating distribution is evaluated using the ROC curve. The accuracy and dependability of the simulation results are very high, as shown by the ROC curve of the current climate conditions, where the AUC value reaches 0.924 (Ma et al., 2021). This information can be used to study the simulation of the potential distribution pattern of CVA.

In the Yangtze River Basin, CVA is distributed between 24.71°~ 33.07° N and 97.17°~ 121.05° E, reaching Yunnan Province in the west and the Yangtze River Estuary in the east (Figure 8A). The main distribution areas of CVA include Yunnan province, the Three Gorges Reservoir Area, Hubei province, Anhui province, Jiangsu province, and Shanghai. The findings of the jackknife analysis reveal that among the examined variables, the Mean Temperature of West Quarter (Bio8) is dominant (Figure 8B). When the average temperature of the wettest quarter between 15 and 28°C is the most suitable temperature for CVA distribution, according to the relationship between Bio8 and the probability of CVA existence (Figure 8C).
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FIGURE 8
 MaxEnt model predicted the distribution of colonial volvocine algae in current period. (A) Current distribution of CVA in the Yangtze River basin. (B) Jackknife analysis results showing most important environmental variables predicting potentially suitable distribution areas of CVA in the Yangtze River basin. (C) Response curves between the distribution probability of CVA and environmental variables (Bio8).


From low-emission sustainable development to high-emission conventional development, the four emission scenarios SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 reflect the four most prevalent scenarios. Figure 9 illustrates how the distribution features of CVA-suitable locations vary significantly under the following four emission scenarios. Under the SSP1-2.6 scenario, the Three Gorges reservoir area contracts, which is primarily responsible for the decline in the high suitability area of CVA. Under the SSP2-4.5 scenario, the overall suitable area shrinks and is only slightly extended in the Taihu Lake region in Jiangsu Province. The distribution of highly suitable areas for CVA is becoming more fragmented under the two high-emission scenarios SSP3-7.0 and SSP5-8.5, and the unsuitable areas are much greater than the average level in the recent 30a. The Yangtze River’s mainstream, Taihu Lake, and other unsuitable places in Chongqing and Hubei, for instance, exhibit a growing trend. The four scenarios generally demonstrated a decline in the applicability of CVA.
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FIGURE 9
 MaxEnt model predicted the distribution of colonial volvocine algae in future period under different climate scenarios. (A) SSP1-2.6. (B) SSP2-4.5. (C) SSP3-7.0. (D) SSP5-8.5.





4. Discussion


4.1. Biogeography patterns of colonial volvocine algae communities

The CVA found in this study is only present in limited rivers, but distributed throughout the basin in all lake/reservoir areas. The lake/reservoir environment is more likely ideal for the distribution of CVA species since it has a lower flow rate than rivers, which has a substantial impact on phytoplankton’s growth and reproduction (Marshall and Burchardt, 1998).

Eudorina and Colemanosphaera are the two most dominant groupings of CVA in the Yangtze River basin. Colemanosphaera is a genus with similar shape to Eudorina (Nozaki et al., 2014). According to a related study (Wehr et al., 2015), Eudorina is the most frequently seen and encountered species among green algae. CVA includes a wide range of morphologically simple to complicated categories, like Volvox and Pleodorina have more complex morphologies than Eudorina. They have evolved different forms and functions, which represent transitions in the units of fitness (Herron and Michod, 2008). This should make these species more adaptable, but their distribution range and abundance are smaller in this study, the database may be the cause. In the local database we created for this study, there are 658 Eudorina sequences and 342 Pleodorina sequences. Since Eudorina has more reference sequences than Pleodorina does, more of its ASVs are annotated, whereas some Pleodorina ASVs might not be.

The scarce CVA species Platydorina was also discovered in our investigation. This species was last reported in China in 2009 when it was discovered in the Shenzhen Reservoir (Hong et al., 2010). However, Coleman did not discover it 2 year later (Coleman, 2014). Since then, there are not many reports of Platydorina in China or even globally. In this study, Platydorina was discovered in Chaohu Lake at a single sampling location (M158 site). This is another possible suitable distribution area for Platydorina in China, which offers a specific area for Platydorina sample collection.



4.2. Environmental effects on the presence/absence of colonial volvocine algae

According to the result of environmental factors’ difference, Eta-squared number and the Random Forest model, the main variables determining the occurrence of CVA may be Temp, Altitude, and TP. Water temperature is a key factor affecting the diversity and abundance of phytoplankton. Different water temperatures will affect the nutrient absorption efficiency, enzyme activity, cell metabolism, and growth of phytoplankton. For most algae, the rise of water temperature within the appropriate temperature range is conducive to the growth and reproduction of phytoplankton (Yang et al., 2019). This study found that the water temperature at sampling sites where CVA exists is 14.1 ~ 34.8°C, and the average water temperature is 22.88°C, which is within the temperature range of CVA cultivation (Hu et al., 2019, 2020). This water temperature may be a suitable temperature range for the distribution of CVA.

The growth of phytoplankton depends on the nutritional element phosphorus. It takes part in several crucial metabolic activities in cells, such as catabolism, energy transformation, cell tissue coordination, and cell structure (Cembella et al., 1982). Phytoplankton in rivers can directly consume or assimilate numerous phosphorus compounds in different forms to receive phosphorus sources for growth. Generally, a body of water is regarded to be restricted for the growth of phytoplankton if the concentration of dissolved active phosphorus is less than 0.01 mg/L (Reynolds, 1984). According to numerous researches, phosphorus limitation occurs in the summer (Komarkova and Hejzlar, 1996). This is a result of the high summer temperatures and the quick phytoplankton growth rate. The above argument is supported by the study’s finding that TP and CVA have a substantial association. TP concentrations between 0.01 and 0.14 mg/L, with an average of 0.06 mg/L, are appropriate for the growth of CVA, according to our environmental factors data.

Altitude plays a crucial role in the presence of CVA. Our research revealed that the ideal height for CVA is 0–3,920 m and that CVA cannot exist over 3,920 m. Altitude is not technically an environmental influence. Pressure, temperature, precipitation, and other environmental elements in water bodies will alter dramatically as altitude changes, and there may be distinct social and economic conditions, as well as differing levels of natural disturbance (Han et al., 2021). The change in these variables will have an impact on phytoplankton growth and distribution (Li et al., 2021). Altitude influences the distribution of CVA in the Yangtze River basin by affecting various environmental factors conditions, and it also plays a significant role in indirectly regulating the biographical distribution of CVA, as demonstrated by the results of this study, which show that altitude is significantly related to Temp, pH, SPC, DO, TN, and TP (Figure 6B).



4.3. Environmental effects on community structure of colonial volvocine algae

The relation between environmental factors and CVA community composition was further investigated in this study. According to the CCA and mantel test result, Pandorina, Platydorina, and Yamagishiella are all highly impacted by Temp, while Pleodorina is primarily impacted by TP. These two environmental factors have been discussed in the section above.

The composition of Pandorina, Platydorina, and Yamagishiella is greatly impacted by pH. Phytoplankton’s distribution and growth are impacted by pH due to how it affects their photosynthesis (Chen and Durbin, 1994). For instance, it is advantageous for algae to absorb CO2 for photosynthesis in weakly alkaline water bodies. pH also directly affects the growth and reproduction rate of algae (Agrawal, 2012). Meanwhile, pH can affect the form, proportion, and transformation of nutrient elements (nitrogen and phosphorus) in water (Körner et al., 2001; Zhao et al., 2022), thus indirectly affecting the distribution and succession of CVA.

DO can have a significant impact on Volvulina and Yamagishiella. Without dissolved oxygen, phytoplankton cannot grow and reproduce. Through photosynthesis, phytoplankton can release oxygen, increasing the dissolved oxygen level in the water body. Phytoplankton respiration will consume the water body’s dissolved oxygen (Smith and Piedrahita, 1988). In addition, as organic matter degrades following phytoplankton death, it will absorb dissolved oxygen in the water body (Boyd et al., 1975). There are numerous chemistry-based reasons to assume a causal relationship between water temperature and dissolved oxygen (Post et al., 2018), and the correlation between environmental factors demonstrates that DO is also significantly correlated with various environmental factors (Figure 6B). DO and pH are positively associated. An increase in dissolved oxygen will result in a decrease in the concentration of H+(O2 + 4H++4e− = 2H2O), thus raising the pH (Li et al., 2015). The phytoplankton will release oxygen while absorbing CO2 through photosynthesis, causing a significant buildup of bicarbonate in the water body and raising pH (Wurts and Durborow, 1992). In addition, the strong relationship between DO and TN, TP also controls the composition of the phytoplankton community by controlling the concentration of nutrients (Khalid et al., 1978).

TN has a huge impact on the Colemanosphaera community’s composition. One of the crucial nutrients for the growth and reproduction of algae is TN. The organization of the algae community may vary because of TN concentration changes (Glibert et al., 2016). According to certain research, the growth of algae will be restricted when TN concentrations are less than 1 mg/L (Zhu et al., 2016), and even in eutrophic lakes, the TN threshold of indicator species is only approximately 1.6 mg/L (Cao et al., 2016). In this study, we discovered that TN concentrations at sampling sites with Colemanosphaera presence ranged from 0.41 ~ 3.50 mg/L. Among the 21 sampling sites with the presence of Colemanosphaera, six sampling locations had TN concentrations greater than 1.6 mg/L and six had TN concentrations less than 1 mg/L. The fact that nearly half of the sites are above the TN appropriate level suggests that Colemanosphaera can withstand a more extreme TN concentration.



4.4. Impacts of anthropogenic pollution on CVA interspecific co-occurrence pattern

The low pollution group has higher “edges number,” “average degree,” “nodes connectivity,” “edges connectivity,” “graph diameter,” “graph density,” and “clustering coefficient.” Among them, “edges number” is the number of edges in the network, and “average degree” is the average number of connections of all nodes in the network, a larger number of these two parameters indicated a larger network size (Layeghifard et al., 2017). “Graph diameter” is the maximum distance between all nodes, “graph density” is the density of the network, and a larger number of these two parameters indicated a closer relationship between network nodes (Luke, 2015). “Clustering coefficient” is used to reflect the compactness between an adjacent node in a network, the higher value indicated a higher aggregation degree of species, so the network has higher connectivity (Watts and Strogatz, 1998). The above indicators reflect the scale and complexity of the network. The larger the value is, the larger the scale, complexity, and high connectivity of the network are.

In our study, with the increase in pollution level, the high pollution group has reduced all the above indicators to a certain extent. Some studies have pointed out that the increase in pollution level will affect various indicators of the network, such as the reduction of network complexity caused by pollution (Zappelini et al., 2015), affects network connectivity and network density (Lupatini et al., 2014), and showed significant negative influence on the complexity and dependency of a network (Al et al., 2021). Therefore, with the enhancement of human activities and the interference of the environment, the disturbance of environmental factors will affect the entire CVA ecological network. The instability of the network structure increases, and the scale and connectivity decrease, leading to the reduction of the complexity of the CVA co-occurrence network and its diversity.



4.5. Potential distribution of colonial volvocine algae in the Yangtze River basin

Results from niche model simulations are most reliable when three factors are considered. First, when choosing a model, consider that various models’ prediction accuracy varies widely and that the MaxEnt model has greater prediction dependability than other models (Merow et al., 2013; Rong et al., 2019). The extent of sample collection and the uniformity of sample coverage come in second, the prediction accuracy increases with sampling point selection close to the true distribution of the species, and the data utilized in this study are representative of the true distribution of the species. The third consideration is the origin, nature, and precision of environmental elements. The prediction accuracy increases with the number of types and quantities of factors selected during simulation. To guarantee the types, amounts, and accuracy of data, the environmental factor data from this study were downloaded to the WorldClim database (Fick and Hijmans, 2017). The adequacy of the simulated geographical distribution is evaluated using the ROC curve. The AUC value exceeds 0.9 with a value of 0.924, suggesting strong prediction accuracy and trustworthy simulation findings (Ma et al., 2021).

The Three Gorges Reservoir Area, Chaohu Lake, and Taihu Lake are shown to be highly suitable growth locations for CVA. There is a high likelihood that CVA can be identified in these regions, even under different emission scenarios in the future. According to the environmental factors data, Chaohu Lake’s water temperature is 29–34°C, its altitude is 7–8 m, and its TP is 0.06–0.12 mg/L. The water temperature in Taihu Lake is close to 23°C, its altitude is 0 m, and TP is 0.06–0.1 mg/L. The water temperature in the Three Gorges is 14–20°C, its altitude is 135–457 m, and TP is 0.03–0.12 mg/L. The average water temperature, altitude, and TP concentration across all sites in the three regions are 22.78°C, 153 m, and 0.07 mg/L. These values are close to the average value of CVA existing sites. The three regions’ water types are all lake/reservoir kinds, which is congruent with the study’s findings.

The importance of the Mean Temperature of West Quarter was ranked first throughout all 10 iterations of MaxEnt analyses for this study. The other two factors that scored in the top three in importance were Bio3 (Isothermality) and Bio10 (Mean Temperature of Warm Quarter). The fact that these three environmental parameters are all connected to temperature suggests that it is a significant climate variable that limits the distribution of CVA. This conclusion is also compatible with the microscopic results because air temperature and water temperature are two closely associated environmental parameters (Toffolon and Piccolroaz, 2015). So, the temperature is a significant environmental element influencing the existence, distribution, and change in the community structure of CVA.

Under the four future emission scenarios, MaxEnt predicts that the potential distribution area of CVA may reduce, and the habitat of CVA may be fragmented, especially under the two high-emission scenarios of SSP3-7.0 and SSP5-8.5. Habitat fragmentation will result in the loss of the living area of CVA. Habitat fragmentation leads to fewer and fewer large habitats, while more and more small isolated habitats (Rodrıguez and Delibes, 2003), thus increasing the probability of extinction of rare species in CVA. Fragmentation will isolate habitats from each other and change population diffusion and migration patterns, population genetics, and variation, thus affecting species reproduction and migration capacity (Dos et al., 2007). Therefore, our research showed that CVA distribution may be seriously threatened by climate change. Meanwhile, we sampled the surface waters in an effort to reflect the CVA’s recent biodiversity (Deiner et al., 2017), as recent biodiversity can more accurately depict the interaction between the CVA community and environmental conditions. However, most CVA species are only found for a short time when they grow and reproduce in water, and the zygotes produced by CVA sexual reproduction may remain dormant in the mud/sediment for years or even decades before conditions are optimal for growth (Kirk, 1998; Umen, 2020). Since we only sampled the surface water onetime, more thorough temporal surveys and sampling of the sediment or mud would further consummate the potential distribution of CVA, thus offering more information to study the CVA habitat fragmentation.




5. Conclusion

In this study, the biogeography of CVA in the Yangtze River basin was investigated using metabarcoding technology, which is based on environmental DNA. CVA was discovered in the Yangtze River’s upper, middle, and lower areas, five major tributaries, and all lake and reservoir areas. Lakes/reservoirs are better suited for the distribution of CVA than rivers. Our investigation discovered 2 families, 8 genera, and 9 species. Eudorina and Colemanosphaera are the two main dominant groups. We also discovered several rare Platydorina species, pointing us on the right path for future taxonomic studies regarding sample collection.

We discovered that temperature, altitude, and TP are significant environmental factors that influence the distribution of CVA based on the differences in environmental factors, Eta-squared value, and random forest model. Among these, 14.1–34.8°C is the most ideal water temperature for CVA distribution. CVA is tolerant of both low and high TP levels, and is difficult to adapt to the environment above 3,920 m altitude. In terms of the change in CVA community structure, the environmental factors significantly affected by each genus are different, and the main environmental factors include Temp, pH, DO, TN, and TP. As the pollution level of the river system increases, the scale, density, and connectivity of CVA network would decrease, thus its diversity will be affected.

We investigated the ideal CVA distribution area using the MaxEnt model. The findings indicate that the main CVA distribution areas are Yunnan Province, the Three Gorges Reservoir Area, Hubei Province, Anhui Province, Jiangsu Province, and Shanghai. The Three Gorges Reservoir Area, Chaohu Lake, and Taihu Lake are still highly suitable areas for CVA even after future climate change. The distribution and biogeography of CVA will be severely impacted by temperature changes brought on by climate change. Under future climate change, the distribution fragmentation of high suitability areas for CVA may increase and need further investigation.
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Intricate associations between rhizosphere microbial communities and plants play a critical role in developing and maintaining of soil ecological functioning. Therefore, understanding the assembly patterns of rhizosphere microbes in different plants and their responses to environmental changes is of great ecological implications for dynamic habitats. In this study, a developing mid-channel bar was employed in the Yangtze River to explore the assembly processes of rhizosphere fungal communities among various plant species using high-throughput sequencing-based null model analysis. The results showed a rare significant variation in the composition and alpha diversity of the rhizosphere fungal community among various plant species. Additionally, the soil properties were found to be the primary drivers instead of plant species types. The null model analysis revealed that the rhizosphere fungal communities were primarily driven by stochastic processes (i.e., undominated processes of ecological drift), and the predominance varied with various plant species. Moreover, the assembly processes of rhizosphere fungal communities were significantly related to the changes in soil properties (i.e., soil total carbon, total nitrogen, organic matter, and pH). The co-occurrence network analysis revealed that many keystone species belonged to unclassified fungi. Notably, five network hubs were almost unaffected by the measured soil properties and aboveground plant traits, indicating the effect of stochastic processes on the rhizosphere fungal community assembly. Overall, these results will provide insights into the underlying mechanisms of fungal community assembly in the rhizosphere soils, which are significant for maintaining the functional stability of a developing ecosystem.
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Introduction

Plant-microbe associations are essential for plants to successfully colonize and subsequently thrive in natural ecosystems, especially in developing habitats, which is crucial for ecosystem stability and functioning (Zhalnina et al., 2018; Hong et al., 2022; Ye et al., 2022). For instance, plants can regulate the associations between plants and soil microorganisms to resist environmental stress by producing various metabolites (Zhalnina et al., 2018; Hong et al., 2022). These associations are reinforced in the rhizosphere, where microorganisms play a predominant role in shaping plant community and productivity by enhancing nutrient acquisition, resource utilization, and stress resistance (Cantarel et al., 2015; Wei et al., 2020). Notably, soil fungi consisting of essential components of rhizosphere microbial diversity play a major role in driving critical biogeochemical cycles in rhizosphere soils, such as organic matter (OM) decomposition (Brundrett and Tedersoo, 2018). As such, the composition of rhizosphere fungal communities has a significant effect on complex associations among plants, microbes, and soil properties (Zhalnina et al., 2018).

Determining the effects of stochastic processes (i.e., homogenizing dispersal, dispersal limitation, and undominated processes) and deterministic processes (i.e., homogeneous and variable selection) on the assembly processes of the microbial community can reveal the structure and function of microbial community (Stegen et al., 2012; Powell et al., 2015; Shi et al., 2020). So far, the assembly processes of soil microbial communities have been extensively explored in various ecosystems, including grassland (Ji et al., 2020), orchard (Zheng et al., 2021), cropland (Jiao and Lu, 2020b), forests (Qin et al., 2022). Additionally, many studies have reported the responses of these assembly processes to different circumstances, such as hydrocarbon contamination (Potts et al., 2022), land cover alternation (Zhao et al., 2022), long-term fertilization (Shi et al., 2020), wildfire (Qin et al., 2022). However, the assembly processes of the microbial communities in a developing habitat have not been fully elucidated yet.

The predominance of stochastic and deterministic processes in microbial community assembly is regulated by several biotic and abiotic factors (Zheng et al., 2021; Shi et al., 2022; Zhao et al., 2022). Previous studies have reported that the relative contributions of those assembly processes were driven by the changes in soil pH (Jiao and Lu, 2020b), OM (Dini-Andreote et al., 2015; Zheng et al., 2021), inorganic nitrogen (Wan et al., 2021; Zhao et al., 2022), and available sulfur (Jiao and Lu, 2020a). Additionally, plant growth period (Zhao et al., 2022), foliar insect (Shi et al., 2022), and microbial substrate preferences (Zhalnina et al., 2018) could alter the assembly processes by governing soil microbial communities. However, the effect of plant species on the assembly processes of the rhizosphere microbial community, especially the fungal community, is still unclear. This understanding of the functional establishment and maintenance of a developing ecosystem is of great significance.

The present study focused on the mid-channel bar ecosystems existing in the form of islands surrounded by river water (Wen et al., 2020), which are vital for river channel stability and provisioning the ecosystem biodiversity and habitat (Tabacchi et al., 2009; Lou et al., 2018; Tonkin et al., 2018). The mid-channel bars are under long-term perturbation of water level fluctuation and sedimentation triggered by natural river regimes, inducing their geomorphic characteristics in the developing state (Hooke and Yorke, 2011). This study aimed to reveal the assembly processes and underlining driving factors of fungal communities in rhizosphere soils of different plant species in a mid-channel bar using high-throughput sequencing-based null model analysis. In our previous study, no significant difference was observed in the rhizosphere bacterial communities among different plant species (Ye et al., 2022). It was hypothesized that (i) plant species have no significant effect on the structures of rhizosphere fungal communities in the mid-channel bar; (ii) stochastic processes dominate the assembly of rhizosphere fungal communities.



Materials and methods


Description of the study site

In this study, a mid-channel bar (Taipingkou: 30°30′ N, 112°13′ E) located at the middle reaches of the Yangtze River was selected as to investigate the assembly processes of rhizosphere fungal communities (Figure 1). The mid-channel bar formed in the last 50 years is regarded as a newborn, which has the tendency to move downstream continuously due to constant flow erosion and sediment deposition at the head and tail, respectively (Wang et al., 2015; Wen et al., 2020). As a sandy bar in the middle of the river channel (Wang et al., 2015), Taipingkou is relatively less affected by anthropogenic pollution inputs. However, it is more influenced by the changes in the hydrological regime and sediment deposition caused by the upstream dam operation. The detailed climatic conditions of the study area can be found in the previous article (Ye et al., 2022).
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FIGURE 1
Location of the study site, Taipingkou mid-channel bar, in the upper Jingjiang section of the Yangtze River. Blue arrows indicate the flow direction of the Yangtze River. Yellow capital letters and numbers indicate the positions of the sampling quadrats in the transverse and longitudinal directions, respectively. Squares with different color represent the type of dominant plant species exists in each quadrat.




Quadrat delineation and plant survey

Quadrat delineation and rhizosphere soil collection were performed during a survey on 26 May 2019. Along the mid-channel bar, 5 × 5 m quadrats were setup, which were uniformly distributed in 50 × 50 m sampling grids with a 25-m interval in between (Supplementary Figure 1). A total of 20 quadrats from three elevation-based transects were selected for plant survey and rhizosphere soil collection, including eight quadrats for transect one, seven quadrats for transect two, and five quadrats for transect three (Figure 1). In each sampling quadrat, the above-ground traits, including the number and coverage of each plant were recorded. The species-specific height of each plant was obtained by measuring the five randomly selected individuals. The importance value of each plant was calculated based on its relative height, frequency, and coverage (Ye et al., 2022). The dominant plants in each sampling quadrat were identified according to their importance values.

Five dominant plant species (Phragmites communis, Cynodon dactylon, Hemarthria altissima, Phalaris arundinacea, and Triarrhena sacchariflora) were confirmed across the sampling quadrats (Figure 1 and Supplementary Figure 2). P. communis, C. dactylon, H. altissima, P. arundinacea, and T. sacchariflora was dominant in four, four, seven, twelve and three quadrats, respectively. The values of above-ground traits (i.e., height, richness, coverage, and importance value) of these five plant species are presented in Supplementary Figure 2. Later, the importance value was calculated as the average of the sum of relative height, frequency, and coverage (Ye et al., 2022).



Rhizosphere soil sampling

The rhizosphere soil samples were collected according to a previously reported method (Ye et al., 2021). Briefly, five plants of the same species were randomly selected and carefully removed from each quadrat. Soils loosely attached to the roots were gently shaken off. Soils tightly adhered to the roots were regarded as rhizosphere soils, and extracted using saline phosphate buffer. The rhizosphere soils of the same plant species in each quadrat were thoroughly mixed to form a composite sample.

The resulting 30 composite rhizosphere soils were subsequently divided into two parts and either stored at −20°C for DNA extraction or at 4°C for physicochemical analysis. The physicochemical property values of rhizosphere soils are presented in Supplementary Figure 2.



DNA extraction, sequencing, and data processing

About 0.25 g of the rhizosphere soil from each composition sample was used to extract the DNA following the protocol of the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany). The quality of the DNA was checked by 1% (w/v) agarose gel electrophoresis, and the concentration of the DNA was determined by a NanoDrop Lite Spectrophotometer (Thermo Scientific, Waltham, USA). The extracted DNA was stored in a −80°C refrigerator for subsequent analysis.

The fungal ITS gene was amplified by the polymerase chain reaction (PCR) using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′)/ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (Adams et al., 2013). The PCR products were purified using an AxyPrep DNA Gel Extraction Kit (Axygen, Union City, USA). The purified amplicons were then pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China).1 The raw sequence data were demultiplexed and quality-filtered using Trimmomatic (v. 0.30) (Bolger et al., 2014). The operational taxonomic units (OTUs) were identified at 97% sequence similarity using USEARCH (v. 7.0).2 The fungal taxonomy was analyzed via the ribosomal database project (RDP) using the UNITE 8.0 database.3 The sequences in each sample were filtered to an equal sequencing depth based on the fewest sequence reads to compare the samples. Alpha diversity indices, such as Sobs, Shannon diversity, Heip’ evenness, and Phylogenetic diversity, were calculated using Mothur (v. 1.30.1). PCR, sequencing, and data processing were conducted according to a previously reported method (Ye et al., 2021).



Null model analysis

A null model approach based on two indices of β-nearest taxon index (βNTI) and raup-crick index (RCI) was introduced to determine the assembly processes of soil fungal communities in different plant species. These two indices were calculated by the “picante” package in R v. 4.0.5 (Wan et al., 2021; Zhao et al., 2022). A βNTI value > 2 or < −2 indicates the dominance of deterministic processes (i.e., variable selection and homogeneous selection) on the assembly of a given microbial community. Similarly, the βNTI value < −2 suggests the effect of homogeneous selection and > 2 variable selection (Stegen et al., 2015). The value of βNTI ranging from −2 to 2 indicates the primary effect of stochastic processes (i.e., dispersal limitation, homogenizing dispersal, and undominated processes). The dispersal limitation is often regarded as the main driver of the community assembly with an RCI value larger than 0.95, while the homogenizing dispersal is identified as the primary contributor with an RCI value smaller than −0.95. Additionally, the RCI value ranging from −0.95 to 0.95 indicates the effect of undominated processes (Stegen et al., 2015).



Co-occurrence network analysis

The potential associations between rhizosphere fungal communities were explored by the co-occurrence network analysis. The network was constructed based on the random matrix theory (RMT) using the molecular ecological network analysis pipeline (MENA)4 at an OTU level. Only OTUs present in 10 samples (one–third of the total samples) were retained based on the rarefied fungal OTU abundance table. Subsequently, the relative abundance data of OTUs were uploaded into MENA to conduct network analyses with the default settings and recommended cutoff threshold of 0.81 (Zhou et al., 2011; Deng et al., 2012; Ye et al., 2021). Visualization and layout of the network were performed based on the Fruchterman-Reingold algorithm using Gephi 0.9.2 (Bastian et al., 2009). The topological properties of the constructed network were calculated to describe the associations between the fungal taxa (Ma et al., 2016). Moreover, 1,000 Erdös–Réyni random networks were generated on the pipeline with an identical number of nodes and edges as the constructed network. The potential ecological role of each node in the network was confirmed based on the threshold of within-module connectivity (Zi) and among-module connectivity (Pi) at 2.5 and 0.62, respectively (Deng et al., 2012; Wang et al., 2020; Ye et al., 2021). Furthermore, the nodes highly connected to other nodes in a module were defined as the module hubs with Zi > 0.25 and Pi < 0.62; the nodes connected to different modules were defined as the connectors with Zi < 0.25 and Pi > 0.62; the nodes acting as a module hub and a connector were defined as the network hubs with Zi > 0.25 and Pi > 0.62 (Zhang et al., 2021).



Statistical analyses

The statistical significances of dominant genera (relative abundance > 1% of the total sequences) and alpha diversity indices (i.e., Sobs, Shannon diversity, Heip’s evenness, and Phylogenetic diversity) of rhizosphere fungal communities among different plant species were determined by one-way analysis of variance (ANOVA) based on the least significant difference (LSD) using SPSS Statistics 20.0 (IBM, USA). The community distribution of rhizosphere fungi was assessed by the principal co-ordinates analysis (PCoA) based on the Bray–Curtis distance using CANOCO 5 software (Ter Braak and Šmilauer, 2012). The significant differences between rhizosphere fungal communities among different plant species were determined by analysis of similarity (ANOSIM) using R v. 3.5.1 with “vegan” package. The relationship between alpha diversity indices and environmental factors and the aboveground plant traits were determined by Spearman’s correlations using SPSS Statistics 20.0 (IBM, USA). The relationships between the fungal community composition and environmental factors, aboveground plant traits were explored by R v. 4.0.5 with “ggcor” package. The Pearson correlation coefficient was conducted in Origin 2022 (OriginLab, USA).



Accession numbers

The raw sequencing data have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)5 under the accession number PRJNA903773.




Results


Composition, diversity, and impact factors of rhizosphere fungal community

A total of 1,934,139 high-quality sequences were acquired from 30 rhizosphere soils. These sequences were resampled to an even sequence depth of 41,749 across all samples based on the lowest sequence of samples. Subsequently, 4,615 OTUs were identified based on the rarefied sequences with 97% similarity. Among the dominant fungal genera (sequences accounting for more than 1% of the total sequences of all samples), Alternaria and Epicoccum were the two most abundant taxa, accounting for 18.1 and 15.2% of the total sequences, respectively (Figure 2A). The relative abundance of Alternaria in rhizosphere of C. dactylon was significantly higher than that in rhizosphere of H. altissima (one-way ANOVA, P < 0.05), and not significantly different from that of P. communis, P. arundinacea, and T. sacchariflora (one-way ANOVA, P > 0.05; Figure 2A). The relative abundance of Epicoccum in rhizosphere showed no significant difference among different plant species (one-way ANOVA, P > 0.05; Figure 2A).
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FIGURE 2
Fungal communities in rhizosphere soils. (A) The dominant fungal genera (sequences accounting for > 1% of the total sequences of all samples) and (B) alpha diversity indices of fungal communities in rhizosphere soils across different plant species. Different lowercase letters indicate significant differences among different plant species at 0.05 level of significance based on one-way analysis of variance (ANOVA) with least significant difference (LSD) multiple comparisons. Pc, P. communis; Cd, C. dactylon; Pa, P. arundinacea; Ha, H. altissima; Ts, T. sacchariflora. (C) Principal co-ordinate analysis (PCoA) of rhizosphere fungal communities at operational taxonomic unit (OTU) level based on Bray–Curtis distance. Analysis of similarity (ANOSIM) of rhizosphere fungal communities among different plant species based on Bray–Curtis distance with 999 permutations. (D) Correlations of fungal community diversity and composition with soil environmental factors and aboveground plant traits. Spearman’s correlations were performed between alpha diversity indices, soil environmental factors and plant traits. Mantel tests were executed between fungal community composition and soil environmental factors and plant traits. FP, flooding probability; Cove, coverage of plant species; IV, importance value; Rich, richness of plant species; Type, type of plant species.


The alpha diversity indices (i.e., Sobs, Shannon diversity, Heip’s evenness, and Phylogenetic diversity) of rhizosphere fungal communities did not exhibit significant differences among different plant species (one-way ANOVA, P > 0.05; Figure 2B). Exceptionally, significant differences were found between the Sobs and Phylogenetic diversity of H. altissima and P. arundinacea with higher values in the rhizosphere of H. altissima (one-way ANOVA, P < 0.05; Figure 2B). The Sobs and Phylogenetic diversity indices of rhizosphere fungal communities showed significant positive correlations with rhizosphere soil variables of total nitrogen (TN), OM and the aboveground plant trait of richness, but were negatively correlated with soil pH and the aboveground plant trait of importance value (Spearman’s correlations, P < 0.05; Figure 2D).

The PCoA showed an unorganized distribution of rhizosphere fungal communities across different plant species (Figure 2C). The ANOSIM confirmed that there was no significant difference in the rhizosphere fungal communities among different plant species (P > 0.05; Figure 2C). Mantel tests showed that the rhizosphere fungal communities were significantly positively correlated with the rhizosphere soil variables of pH, TN, and total carbon (TC) (P < 0.05; Figure 2D).



Assembly processes of fungal communities in the rhizosphere

In the middle-channel bar, the community assembly of rhizosphere fungi was dominated by the stochastic processes (85.3%), with the contribution of undominated processes and dispersal limitation being 54.5 and 30.1%, respectively (Supplementary Figure 3). Among different plant species, the undominated processes had greater contributions of 52.6, 60.3, 41.9, 62.4, and 47.1% to the fungal community assembly in the rhizosphere of P. communis, C. dactylon, H. altissima, P. arundinacea, and T. sacchariflora (Figure 3). Compared with undominated processes, dispersal limitation contributed most to the fungal community assembly in the rhizosphere of H. altissima (47.8%) and T. sacchariflora (52.9%) (Figure 3). Moreover, the homogeneous selection of deterministic processes exhibited indispensable effects on fungal community assembly in the rhizosphere of P. communis (15.5%), C. dactylon (22.4%), and P. arundinacea (17.8%).
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FIGURE 3
Assembly processes of rhizosphere fungal communities from different plant species. The assembly processes were identified based on two indices of β-nearest taxon index (βNTI) and raup-crick index (RCI). Variable and homogeneous selection belong to deterministic processes; dispersal limitation, homogenizing dispersal, and undominated processes are affiliated to stochastic processes.


The relationships of the βNTI of rhizosphere fungal communities with soil environmental factors and aboveground plant traits were determined to reveal their impacts on the assembly processes of fungal communities. The changes in rhizosphere soil environmental variables of TC, TN, OM, and pH had significant positive correlations with the pairwise comparisons of βNTI (Figure 4). This result suggested that an increasing discrepancy in these soil environmental variables promoted the effect of stochastic processes on the community assembly of rhizosphere fungi. Moreover, the change in aboveground plant traits of height was significantly positively correlated with βNTI (Figure 4). In contrast, the changes in flooding probability of sampling sites and aboveground plant traits of importance value showed significantly negative correlations with βNTI.
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FIGURE 4
Linear regressions between βNTI of rhizosphere fungal community and changes in soil environmental factors and aboveground plant traits. Only significant relationships are exhibited based on analysis of variance (ANOVA) at 0.05 level of significance. R values represent Pearson correlation coefficients. Dotted lines indicate the βNTI significance thresholds of –2 and +2.




Co-occurrence pattern of rhizosphere fungal community

A molecular ecological network composed of 141 nodes with 441 edges (Figure 5A) was constructed based on the RMT to reveal the co-occurrence pattern of the rhizosphere fungal community. The distribution of node degrees for the constructed fungal network showed a scale-free power-law network property (R2 = 0.832; Supplementary Figure 4), indicating a non-random structure of the constructed network. Additionally, the values of average path distance (2.667 vs. 2.393) and modularity (0.274 vs. 0.261) were higher than those of the respective randomized network (1,000 Erdös–Réyni), revealing the small-world properties and modular structure of the constructed network. The fungal network was dominated by Ascomycota accounting for 63.8% of the total nodes, followed by unclassified fungi (14.2%) (Figure 5A).
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FIGURE 5
(A) The co-occurrence network of rhizosphere fungal community at operational taxonomic unit (OTU) level based on random matrix theory (RMT). The nodes in the network represent OTUs, and the size of each node is proportional to the corresponding node degree (number of connections). The nodes are colored by fungal phylum. The red and blue lines, respectively, indicate positive and negative correlations between any two OTUs. (B) The Zi-Pi plot reveals the distribution of OTUs of rhizosphere fungal community based on the topological properties.


Based on the within-module connectivity (Zi) and among-module connectivity (Pi) of individual taxa within the constructed network, a total of 5, 1, and 51 nodes were identified as the network hubs, module hubs, and connectors, respectively (Figure 5B and Supplementary Table 1). All of these nodes could be regarded as the keystone species in structuring the rhizosphere fungal communities. Nearly half of the keystone species (47.4%) were affiliated to the unclassified fungi at the class level (Supplementary Table 1). Noteworthily, most connectors showed significant correlations with soil TN, OM, and pH, whereas the network hubs and module hubs were not significantly affected by the measured rhizosphere soil environmental variables and aboveground plant traits (Supplementary Table 2).




Discussion

In this study, the rhizosphere fungal communities did not show significant differences among different plant species in the mid-channel bar. As the two most abundant fungal genera, Alternaria showed a significantly higher relative abundance in the rhizosphere of C. dactylon than that of H. altissima, while Epicoccum showed no significant difference among different plant species (Figure 2A). Alternaria genus is a group of ascomycete fungi including both pathogenic and saprophytic species, and can secrete various secondary metabolites with effective mycotoxins (Dang and Lawrence, 2014) and inhibit other microbial growth (Si et al., 2018). This was consistent with our previous study, reporting that the rhizosphere of C. dactylon harbored significantly lower relative abundance than that of H. altissima in the most abundant bacterial genus Pseudarthrobacter (Ye et al., 2022).

Though many studies have reported the species-specific selection of rhizosphere microbial communities by plants through root traits and exudates (Costa et al., 2006; Sweeney et al., 2021; Xiao et al., 2022), soil physicochemical properties were considered to be the primary factors affecting rhizosphere fungal community than plant species type (identity) in some studies (Singh et al., 2007; Chen et al., 2019). Soil can regulate the rhizosphere microbial community; particularly, soil pH and nutrients are regarded as the key factors influencing the structure of the rhizosphere microbial community (Philippot et al., 2013). In this study, the rhizosphere fungal community composition was significantly positively correlated with soil pH and the contents of soil TC and TN (Figure 2D). In contrast, the plant species differentiated in the canopy over, and defense strategies and root exudation might exert more influence on the endosphere than rhizosphere fungal community (Edwards et al., 2015). Moreover, the rhizosphere microorganisms are mostly recruited from the microbial communities in the surrounding soils. Thus, the structure of the rhizosphere microbial community is restricted by the accessible individuals from the species pool of bulk soil (de Boer et al., 2006), making these communities highly dependent on the local environmental conditions around the plant. Notably, the measured plant traits had no significant effect on the rhizosphere fungal community (Figure 2D). This may be attributed to the aboveground plant traits rather than the underground plant traits measured in this study. Previous studies have found that underground plant traits, i.e., root traits, are more important predictors of rhizosphere fungal community composition than aboveground leaf traits (Cantarel et al., 2015; Sweeney et al., 2021). Overall, the compositions of the rhizosphere microbial community are influenced by the intricate associations between the plant species and soil type (Marschner et al., 2001).

Based on the ecological setting in which the assembly processes are engaged, the deterministic and stochastic processes contribute differently to the community assembly (Powell et al., 2015). In this study, the assembly of the rhizosphere fungal community was largely driven by the stochastic processes, wherein the undominated processes contributed the most (Supplementary Figure 3). This result was consistent with the previous study reporting that undominated processes, which means a greater effect of drift in driving community assembly (Stegen et al., 2015), were the most dominant processes for rhizosphere fungal assembly with an average contribution of 79.4–96.3% (Shi et al., 2022). Soil fungi are typically characterized by sporogony, filamentous growth and larger propagules size compared to bacteria (Ingold, 1971; Young, 2007). Spore proliferation helps the fungus release myriad spores against environmental stress (Ingold, 1971). These spores can move around within the environment through physical mediators such as water (Walters et al., 2022). Particularly, the mid-channel bar, a highly permeable sandbar, is more conducive to the widespread distribution of spores through water transmission. The dormancy strategy of fungal communities allows these spores to survive in a new environment and thrive when conditions are favorable (Lennon and Jones, 2011), resulting in negligible environmental effects (i.e., variable selection and homogeneous selection) on the rhizosphere fungal assembly in the mid-channel ecosystem. Therefore, the change in the composition of the rhizosphere fungal community is mainly governed by ecological drift resulting from the fluctuation in population sizes by environmental changes (Stegen et al., 2013).

The differences in the predominance of undominated processes in the assembly processes with plant species could be attributed to the changes in soil properties. Previous studies have reported that soil pH, soil organic carbon, TN, ammonium etc., could significantly affect the assembly processes of soil microbial community (Jiao and Lu, 2020a; Zheng et al., 2021; Zhao et al., 2022). In this study, the βNTI of rhizosphere fungi shared significant associations with the soil pH, OM, TN, and TC. Our previous study has confirmed that the water flooding frequency can change the soil OM accumulation in the mid-channel bar, while low flooding frequency results in the accumulation of nutrients and promotes plant growth (Ye et al., 2022). This phenomenon could be supported by the negative correlation between the βNTI of rhizosphere fungi and water flooding frequency. In contrast, plant growth, affects the enrichment of rhizosphere soil OM by regulating litter inputs and root exudates (Guo et al., 2019). Considering the role of fungi in OM decomposition (Shi et al., 2020), this might explain the influence of soil properties on the assembly of rhizosphere fungal communities. It is noteworthy that the available substrates provided by the plants for rhizosphere fungal communities vary with the growth state of different plant species. This could be demonstrated by the substantial association between the βNTI of rhizosphere fungi and the height of plant species.

Furthermore, the associations between different fungal taxa and the key taxa structuring the assembly of rhizosphere fungal community were explored by the co-occurrence network analysis. In this study, a total of five fungal taxa were identified as the network hubs, suggesting that these taxa had key roles in the rhizosphere fungal community (Deng et al., 2012; Wang et al., 2020). It is noteworthy that these network hubs were almost all unclassified fungi, and had low relative abundances across all rhizosphere soils. Species with low abundance have been defined as rare taxa in numerous studies (Pedrós-Alió, 2012; Shade et al., 2014; Lynch and Neufeld, 2015; Jousset et al., 2017; Jia et al., 2018), which are generally considered to play disproportionate roles in maintaining the structure and function of ecosystems in different habitats (Jia et al., 2018; Wang et al., 2020). Interestingly, these network hubs were largely unaffected by measured abiotic (rhizosphere environmental variables) and biotic factors (aboveground plant traits) (Supplementary Table 2). Overall, these results indicate that these network hubs could remain stable regardless of environmental changes over space and time, which are more likely to be influenced by stochastic dispersal or drift (Stegen et al., 2012; Mo et al., 2018; Zhao et al., 2022).



Conclusion

This study revealed that the differentiation in plants, in terms of both species and associated aboveground traits, had little effect on the rhizosphere fungal community in the mid-channel bar. In contrast, soil properties (i.e., soil TN, TC, OM, and pH) related to the frequency of water flooding were largely associated with the rhizosphere fungal community. However, the assembly of soil fungal communities in the rhizosphere of all tested plant species was mostly governed by the stochastic processes presented by the undominated processes. Notably, the soil properties had significant impacts on the predominance of undominated processes among different plant species. This regulation was mainly due to the effect of soil properties on the ecological drift intensity of fungi species. Additionally, the effect of the physiological properties of fungal species on the community assembly processes was emphasized. Furthermore, some rare unclassified fungal taxa were found to play an indispensable role in the assembly of rhizosphere fungal communities. These species were almost unaffected by environmental variables, indirectly confirming the effects of stochastic processes. Overall, these provide insights into the assembly and drivers of the rhizosphere fungal community, which is valuable for maintaining the functional stability of a developing ecosystem.
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Rivers are often blocked by barriers to form different habitats, but it is not clear whether this change will affect the accumulation of N2O and CH4 in rivers. Here, low barriers (less than 2 m, LB) increased N2O concentration by 1.13 times and CH4 decreased by 0.118 times, while high barriers (higher than 2 m, less than 5 m high, HB) increased N2O concentration by 1.19 times and CH4 by 2.76 times. Co-occurrence network analysis indicated LB and HB can promote the enrichment of Cyanobium and Chloroflexi, further limiting complete denitrification and increasing N2O accumulation. The LB promotes methanotrophs (Methylocystis, Methylophilus, and Methylotenera) to compete with denitrifiers (Pseudomonas) in water, and reduce CH4 accumulation. While the HB can promote the methanotrophs to compete with nitrifiers (Nitrosospira) in sediment, thus reducing the consumption of CH4. LB and HB reduce river velocity, increase water depth, and reduce dissolved oxygen (DO), leading to enrichment of nirS-type denitrifiers and the increase of N2O concentration in water. Moreover, the HB reduces DO concentration and pmoA gene abundance in water, which can increase the accumulation of CH4. In light of the changes in the microbial community and variation in N2O and CH4 accumulation, the impact of fragmented rivers on global greenhouse gas emissions merits further study.
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Highlights

- Small barriers can promote the accumulation of N2O and CH4 in fragmented river.

- Enrichment of Cyanobium, Chloroflexi, nirS-denitrifiers increases N2O accumulation.

- Small barriers promote the methanotrophs to compete with Nitrosospira in sediment.

- Small barriers reduces DO concentration and pmoA gene abundance in water.



1. Introduction

Natural rivers are typically characterized by their free-flowing, and they are often fragmented by barriers to free flow (Grill et al., 2019). Artificial interception (barriers) causes fragmentation and blockage of urban rivers (Grill et al., 2019), resulting in the formation of different habitats of rivers (Carpenter et al., 2011). There are more than 1 million barriers cause of rivers fragmentation (Belletti et al., 2020). Barriers higher than 15 m are rare, 68% had less than 2 m height and 91% had less than 5 m height (Belletti et al., 2020), leading to a major fragmentation caused by small barriers (Jones et al., 2019). However, the environmental effects of small barriers on rivers are not clear, especially whether it affects the accumulation of greenhouse gases in rivers.

There is growing evidence that urban river networks may be hot spots for greenhouse gas (N2O, CH4) emissions (Zhang W. et al., 2021). Inland waters are significant emitters of N2O (Gongqin et al., 2021), and the total estimated N2O from rivers is approximately 1.05 Tg N-N2O Yr−1 (global total emissions are 17.7 Tg N-N2O Yr−1; Frostegard et al., 2022). CH4 is generally considered to be a more important greenhouse gas than N2O (Stein, 2020; Neubauer, 2021). An increasing number of studies have shown that river interception significantly damages river continuity and flood pulsation (Wang et al., 2010), changed the fluxes and ecological dynamics of water and nutrients (Deemer et al., 2016) and affected the migration and transformation process of nitrogen and carbon.

The production of N2O is strongly affected by microorganisms and mainly involves the oxidation and reduction of active nitrogen (ammonia, nitrate, and nitrite; Babbin and Ward, 2013). N2O in rivers is thought to be formed in the bottom sediment, where a variety of microbes produce a large amount of N2O (Beaulieu et al., 2011). Incomplete denitrification is the main cause of N2O production in rivers (Clough et al., 2007; Babbin and Ward, 2013; Lansdown et al., 2015). Variation in river hydrological conditions affects undercurrent exchange, which in turn affects river water quality (such as the reactive nitrogen load) and ultimately N2O production (Marzadri et al., 2014). Given the complexity of N2O generation, N2O accumulation in different habitats of fragmented rivers is still uncertain, especially the effects on the structure and function of N2O accumulation-related microbial communities.

Biomethane sinks are composed mainly of methanophile microorganisms that use methane monooxygenase to oxidize CH4 to methanol using oxygen (Kallistova et al., 2017), which is then oxidized to formaldehyde, formic acid and carbon dioxide by a series of enzymes. It’s estimated that microbial oxidation can remove about 5% of CH4 emissions into the atmosphere each year (Stein, 2020). Current studies suggest that O2 is the factor that strongly affects microbial metabolism and CH4 emissions in river ecosystems (Kallistova et al., 2017). The aggregation of multiple microbial processes in river aerobic/anoxic zones suggests that these zones are highly dynamic in controlling CH4 fluxes and may be the most important region for CH4 mitigation. The riverine barriers slow the flow of fragmented rivers and increase the depth of water, which may lead to a decrease in the concentration of dissolved oxygen (DO) in the water. Changes in the DO concentration of fragmented rivers may lead to changes in microbial activity related to CH4 oxidation and thus affect CH4 accumulation in the rivers. Therefore, it is not clear if the effect of barriers over DO may lead to changes in CH4 oxidation, thus affecting CH4 accumulation.

In this study, Liangtan river (China) was studied as an example of fragmented river, where four habitats were delimited according to the height of the barriers between them. High-throughput sequencing was used to analyze the water and sediment microbial communities to explore how the barriers changed the microbial network structure in the four habitats. Quantitative PCR was used to analyze the changes in gene abundance of functional enzymes, further revealing the metabolic process of N2O and CH4 accumulation in different habitats of fragmented rivers.



2. Materials and methods


2.1. Site description and sampling

The Liangtan River (29°26′–29°52′ N, 106°18′–106°24′ E) is a first-class tributary of the lower right bank of the Jialing River (Figure 1A). In a preliminary investigation, we found more than 15 barriers that led to fragmentation of the river. According to the barrier height, the Liangtan River can be divided into four habitats: pond (P) and stream (S) for low barriers (less than 2 m high, LB) and lake (L) and river (R) for high barriers (between 2 m and 5 m, HB; Figure 1; Fuller et al., 2015; Belletti et al., 2020).
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FIGURE 1
 According to the height of artificial barriers above the river (lower than 2 m or lower than 5 m), river channels are divided into four habitats. For LB (barriers less than 2 m high), the matrix habitat formed is called ‘pond’ (P), while the patch habitat is called ‘stream’(S). For HB (barriers less than 5 m high), matrix habitat formed by barriers is called ‘lake’ (L), while patch habitat is called ‘river’ (R). (A) Sampling locations of 20 sites on the Liangtan River. (B) Photographs of the sampling sites in this study. (C) Diagram of river channels division. (D) 20 water samples from four habitats were analyzed by Euclidean distance-based principal component analysis (PCA).


Samples were collected from the four habitats of the Liangtan River (December 2020 and August 2021). Sediment samples were obtained at a depth of 10 cm below the interface sediment: water, whereas water samples were obtained from a total of 20 sampling sites in the river channels. Sediments were immediately placed in sterile bags and sealed, placed on ice bags, shipped back to the laboratory within 12 h, and stored in a −80°C freezer. The water samples were divided into two parts. The first part was supplemented with HgCl2 (20 μg/mL) for subsequent determination of water quality indicators. The other part was returned to the laboratory within 12 h and filtered through a 0.22-μm glass fiber membrane to remove trapped microorganisms for subsequent high-throughput sequencing. Characteristics of the 20 sites studied (5 sites per habitat) in the Liangtan River are shown in Supplementary Table S1.



2.2. Chemical analysis of water quality parameters

Electrical conductivity (EC), water temperature (T), and DO were determined by a YSI® ProODO DO meter, and the pH was determined by a YSI® 63 pH meter. Total organic carbon (TOC) was determined by a Shimazu® TOC-VWP analyzer (Shimadzu®, Japan). Chlorophyll a (Chl a) was extracted by ethanol and determined by spectrophotometry (Ortega et al., 2019). Total nitrogen (TN) was measured by the potassium persulfate oxidation method (Zhang L. Y. et al., 2021). Total phosphorus (TP) was extracted by HClO4-H2SO4 and measured by the molybdenum blue method. Nitrite nitrogen (NO2−-N) was determined by N-(1-)-ethylenediamine spectrophotometry. Nitrate nitrogen (NO3−-N) was measured by potassium peroxodisulfate solution spectrophotometric methods. Ammonium nitrogen (NH4+-N) was measured by spectrophotometry with a Nessler reagent (Ministry of Environmental Protection, 2012).



2.3. High-throughput sequencing analysis

Total DNA was extracted from 0.5-g sediment samples using a Rapid Soil DNA Isolation Kit. The concentration of the extracted DNA was then quantified using an ND-2000C spectrophotometer (Nanodrop, Thermo Scientific, United States), and the extracted DNA was used for high-throughput sequencing. The V3-V4 hypervariable region of the 16S rRNA gene was amplified with 338F/806R universal primers (Supplementary Table S2), and each sample was identified. Specific PCR amplification conditions of the 16S rRNA gene were based on those described in previous studies (Junfeng et al., 2015). The resulting PCR products were then sequenced on an Illumina HiSeq 2000 platform. Data processing and statistical analysis were carried out (see the attachment for specific methods). The raw data of Illumina Miseq sequencing were submitted to the NCBI under the BioProject accession number PRJNA904922.



2.4. Measurement of N2O and CH4 concentrations in water

The concentrations of N2O and CH4 in water were measured using the static headspace method. In this study, the traditional method (Donis et al., 2017) was improved. Firstly, a syringe is used to extract 200 mL water sample from the water sampler. The sample should be extracted slowly during the collection process to avoid bubbles. Extract 100 mL nitrogen from an air bag containing high purity nitrogen (99.999% purity) (500 mL air bag) to form an air chamber above the syringe (the same syringe used to collect water sample). Hold the syringe and shake it up and down for 3 min to achieve a balance between the gas–liquid phase. Push the gas in the syringe into the prepared vacuum air bag (300 mL air bag) for preservation. Record the temperature of the water after the shake. The preserved headspace samples were returned to the laboratory and the concentration of N2O and CH4 was determined by gas chromatography.



2.5. Quantitative PCR

16S rRNA and the abundance of functional genes of denitrifying bacteria were detected by qPCR using the Majorbio Cloud Platform (Shanghai). The functional genes were mainly divided into nitrite reductase (nir), NO reductase (nor), N2O reductase (nos), and particulate methane monooxygenase (pmo). Three repeats of qPCR were performed on each sample using an ABI 7500 sequence detection system with the SYBR method (Applied Biosystems, Canada). Primer sequences are listed in Supplementary Table S2. qPCR-specific tests were performed using a melting profile and gel electrophoresis to reduce the possibility of overestimating gene abundances. In addition, each qPCR reaction consisted of negative control, in which no DNA template was added. The abundance of functional genes was converted to the number of copies of functional genes per gram of dry sediment or per milliliter of water. The efficiency was assumed to be 100% for DNA extracted from sediment or water samples (Zheng et al., 2019).



2.6. Statistical analyses

One-way ANOVA and Tukey’s post hoc tests were used to evaluate the differences in microbial diversity and abundance, structure, and environmental factors among habitat types. The above statistical analyses were conducted using PASW Statistics 18 software (IBM SPSS Inc., Chicago, United States). The molecular ecological networks of habitats S, P, R, and L were constructed to analyze the microbial community structure. Linear discriminant analysis (LDA) was used to estimate biomarkers of the four habitats based on analysis software (LEfSe). Based on Origin, a heatmap was drawn to analyze the microbial abundance related to the production of N2O and CH4 in the four habitats. To further elucidate the direct and indirect effects of environmental factors and microbial communities on N2O concentrations and CH4 concentrations, we conducted path analyses using the maximum likelihood estimation method. Gephi version 0.8.2 was used for network visualization and modular analysis. According to Banerjee et al. (2018), keystone species were identified using the following thresholds: genera with high mean degree (>30) and low betweenness centrality (<700) in the network. Path coefficients, R2, direct and indirect effects, and model fit parameters were calculated using R studio.




3. Results


3.1. Differences in diversity and community composition of water and sediment bacteria in four habitats

Samples were taken from five randomly selected points in each habitat (Figures 1A–C). Through principal component cluster analysis of physical and chemical indexes of four habitats, it was found that the four habitats could be distinguished well, which indicated that it was appropriate to divide the different habitats of Liangtan River (Figure1D). The abundance and composition at the phylum level of microbial communities from water and sediment was analyzed for each habitat (S, P, R, and L; Supplementary Figure S1). A total of 14,481,930 high-quality bacterial 16S rRNA gene sequences and 30,863 operational taxonomic units (OTUs) were obtained by high-throughput sequencing.

The relative abundances of the phyla Proteobacteria, Bacteroidota, and Cyanobacteria were higher in water (17.6–76.5%, 2.8–57.9%, and 0.2–41.4%, respectively) than in sediment (7.0–45.8%, 1.3–9.2%, and 0.2–4.2%, respectively). In contrast, the relative abundances of Chloroflexi, Firmicutes, Acidobacteriota, Verrucomicrobiota, and Desulfobacterota were higher in sediment (4.3–35.3%, 2.0–31.1%, 2.2–14.8%, 1.5–10.0%, and 0.1–9.0%, respectively) than in water (0.05–6.5%, 0.7–13.5%, 0.03–0.9%, 0.1–4.5%, and 0.06–1.0%, respectively, Supplementary Figure S2). Most of these biomarkers were abundant in the sediment of S and R. There were 31 and 102 biomarkers (p < 0.05, LDA > 2.0) in water and sediment, respectively (Figure 2). The classes Acetobacteraceae, Blastocatellales, Microtrichales, and Pseudomonadales were the main biomarkers in sediment samples from S. Species belonging to Rhodobacterales, Xanthomonadales, and Chitinophagales dominated in sediment samples from R. Flavobacteriaceae and Fusobacteriaceae species were most abundant in water samples from S. Species affiliated with Veillonellales, Prevotellaceae, Nocardioidaceae, and Lachnospirales were abundant in water samples from R (Figure 2). The number of biomarkers was lower in L and P. In L, the classes Ncardioidaceae and Micrococcales were the main biomarkers in sediment, and Saccharimonadales was dominant in water. In P, the classes Norank, Fusobacteriales, and Prolixibacteraceae were the main biomarkers in sediment, whereas RBG-13-54-9, Chitinophagales, and PeM15 were dominant in water.
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FIGURE 2
 The abundant biomarkers in water (A) and sediment (B) obtained for four habitats. All detected taxa, with a relative abundance of >0.5% in at least one sample, were assigned to phyla (outermost), classes, orders, families, and genera (innermost) and were used to determine the taxa or clades most likely to explain differences between the four habitats.




3.2. Water and sediment bacteria of four habitats exhibited contrasting ecological network patterns

The topological structures of the bacterial communities at the OTU level are shown in Figure 3. Regarding the sediment samples, the percentage of Chloroflexi nodes increased in P compared with that in S, while the node ratio in Proteobacteria and Actinobacteriota decreased. Similarly, the percentage of Chloroflexi nodes increased in P compared with that in S, while the node ratio in Proteobacteria and Actinobacteriota decreased.
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FIGURE 3
 Co-occurrence networks and their topological properties of different bacterial communities in the water and sediment.


Then we further analyzed the variation of ecological network parameters in the four habitats. The two networks were defined according to the same threshold, and the corresponding statistical results are shown in Supplementary Table S3. In water, the modularity of the S bacterial network (1.734) was lower than that of the P bacterial network (3.147). In S, the resulting networks consisted of 334 nodes linked by 2,809 edges, which consisted of 1,816 positive correlations and 993 negative correlations. In P, the resulting networks consisted of 287 nodes linked by 2,105 edges, which consisted of 1,210 positive correlations and 895 negative correlations. Compared with R, the modularity of L was lower. In R, the resulting networks consisted of 320 nodes linked by 2,812 edges, which consisted of 1,759 positive correlations and 1,042 negative correlations. In L, the resulting networks consisted of 300 nodes linked by 2,816 edges, which consisted of 1,764 positive correlations and 1,052 negative correlations. The presence of barriers will reduce the number of nodes, and positive or negative correlations in the microbial network, leading to the estrangement of microbial connections in the water.

In sediments, the modularity of S was higher than that of P, and that of L was higher than that of R. In S, the network consisted of 370 nodes and 3,756 edges. The network showed 2,293 positive correlations, which was higher than the negative correlations (1,463 green lines). In P, the network consisted of 388 nodes and 4,789 edges. The network showed 2,967 positive correlations and 1,822 negative correlations. In R, the network consisted of 409 nodes and 4,128 edges. The network showed 2,730 positive correlations and 1,428 negative correlations. In L, the network consisted of 373 nodes and 4,733 edges. The network showed 2,735 positive correlations and 1,999 negative correlations. This suggested that the presence of obstacles may lead to closer connections of microbial networks in sediments.



3.3. Effects of microbial composition in four habitats on CH4 and N2O accumulation

In water, the abundances of anammox bacteria and nitrifiers were low, and denitrifiers (Pseudomonas) and methanotrophs (Methylocystis) were more abundant (Figure 4A). The denitrifying bacterial abundance of P was higher than that of S, and that of L was higher than that of R. The methanotrophs abundance of S was higher than that of P, and that of L was higher than that of R. In the sediment, the abundances of anammox bacteria and denitrifiers were low, the nitrifiers (Nitrosospira) and methanotrophs (Methylophilus, Methylocystis, Methylocystis) were more abundant (Figure 4B). The nitrifying bacterial abundance of S was higher than that of P, and that of R was higher than that of L. The methanotrophs abundance of S was higher than that of P, and that of L was higher than that of R.
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FIGURE 4
 Heatmap of anammox bacteria, nitrifiers, denitrifiers and methanotrophs (average abundance in all samples) of water and sediment in four habitats.


The concentrations of dissolved N2O in S, P, R, and L were 0.014–0.029, 0.014–0.037, 0.019–0.078, and 0.012–0.11 μmol/L, respectively (Figure 5A). Compared with S, the concentration of N2O in P showed an increasing trend. The concentration of N2O in L was higher than that in R. LB and HB can increase the N2O concentration in rivers by 1.13 and 1.29 times, respectively. The concentrations of dissolved CH4 in S, P, R, and L were 0.30–4.18, 0.04–0.67, 0.03–2.4, and 0.03–34.0 μmol/L, respectively (Figure 5B). The CH4 concentration in S was higher than that in P, and that in L was higher than that in R, it can be inferred that that LB reduces CH4 accumulation and HB increase it. LB reduced the CH4 concentration by 0.118 times, while HB increased it by 2.76 times.

[image: Figure 5]

FIGURE 5
 The concentration of N2O (A) and CH4 (B) in four habitats.


Next, we conducted path analyses to further elucidate the direct and indirect effects of environmental factors and microbial communities on N2O concentrations and CH4 concentrations. DO and NO3−-N could regulate the concentration of N2O in water both directly and indirectly (Figure 6A). The regulation of DO to N2O is reverse, while that of NO3−-N is positive. DO (β = −0.18, standardized coefficient) directly impacted the concentration of N2O. NO3−-N was the most significant parameter (β = 0.76, standardized coefficient) influencing the concentration of N2O. NO3−-N indirectly through water denitrifying communities (β = 1.32, standardized coefficient) impacted the concentration of N2O. Furthermore, TN indirectly through sediment nitrifying bacterial community (β = 0.41, standardized coefficient) impacted the concentration of N2O. Moreover, DO directly (β = −0.35, standardized coefficient), and indirectly through soil pH (β = −0.31, standardized coefficient), impacted the concentration of CH4 (Figure 6B).
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FIGURE 6
 Path diagrams estimating the direct and indirect effects of environmental factors and microbial communities on N2O concentrations (A) and CH4 concentrations (B). Solid lines demonstrate significant effects (p < 0.05), and dashed lines indicate insignificant effects. Numbers adjacent to the arrows are standardized path coefficients. Single headed arrows refer to unidirectional causal relationships. Denitrifying community (W): abundance of denitrifiers in water. Nitrifying community (S): abundance of nitrifiers in sediment. Methane-oxidizing community (W): abundance of methanotrophs in water. Methane-oxidizing community (S): abundance of methanotrophs in sediment.




3.4. Relative contribution of genes (nirS, nirK, nosZ, and pmoA) in four habitats to N2O and CH4 accumulation

As can be seen from the above analysis, the LB and HB promote the enrichment of denitrifiers in the P and L habitat. To further verify our hypothesis, the abundances of functional enzyme genes of denitrifiers of water were analyzed in four habitats. The abundances of nirS, nirK, and nosZ in water and sediment were counted (Supplementary Tables S6–S9). To estimate the abundance contribution of different genes in the denitrification pathway to N2O accumulation, the nisS/nirK and (nisS + nirK)/nosZ copy number ratios were analyzed (Figure 7). The nirS/nirK of P and L was higher than that of S and R, suggesting that the LB and HB promote the enrichment of nirS-type denitrifiers, and then affect the accumulation of N2O. In sediments (nirS + nirK)/nosZ copy number ratios were decreased in P and L compared with S and R, suggesting that the LB and HB promoted the nosZ enrichment in sediments.
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FIGURE 7
 Gene ratios of functional enzymes in water and sediment of four habitats. (A) nirS/nirK copy number ratios in water. (B) (nirS + nirK)/nosZ copy number ratios in sediment. (C) pmoA/16S rRNA copy number ratios in water. (D) pmoA/16S rRNA copy number ratios in sediment. The bacteria represent the abundance of the total bacterial 16S rRNA gene.


Then, the abundances of pmoA in water and sediment were counted (Supplementary Tables S6–S9). To estimate the contribution of functional genes to the abundance of CH4 accumulation in CH4 oxidation, we analyzed the pmoA/16S rRNA copy number ratio in water and sediment of four habitats (Figure 7). pmoA is a key enzyme gene for CH4 oxidation, which reduce CH4 accumulation (Lieberman and Rosenzweig, 2004; Vrieze and Verstraete, 2016). In water, the pmoA/16S rRNA copy number ratio of R was the highest, while in sediment, the pmoA/16S rRNA copy number ratio of P was the highest. These results further suggest that the presence of small barriers affects CH4 accumulation by altering the activities of enzymes involved in methane oxidation.




4. Discussion


4.1. Small barriers affect N2O and CH4 accumulation

LB and HB lead to lower flow rates and increased water depth in fragmented rivers, which change environmental variables and affect N2O and CH4 accumulation. The small barrier leads to an increase in the concentration of NO3−-N (Supplementary Tables S4, S5), which promotes the accumulation of N2O in P and L. Both LB and HB reduce river velocity, leading to an increase in the water bed contact area per unit of water volume, and an increase in the diffusion efficiency of NO3−-N at the river-sediment interface (Mulholland et al., 2008). This is consistent with previous work showing that nitrate concentrations strongly affect the production of N2O (Meyer et al., 2008). With few exceptions, the nitrate concentration in sediment and surface water is positively correlated with the production of N2O (Quick et al., 2019). The positive correlation between N2O and NO3−-N might stem from incomplete denitrification (Beaulieu et al., 2011; Abed et al., 2013; Jung et al., 2019). LB and HB promoted the enrichment of denitrifiers in the water of P and L respectively, which may lead to an increase in incomplete denitrification under unit nitrogen load (Mulholland et al., 2008).

Moreover, in most rivers, the overlying water above the surface of the sediment is anoxic and carries dissolved oxygen that continuously seeps into the sediment (Xia et al., 2018). The depth of dissolved oxygen penetration into sediment is affected by sediment roughness, porosity, and connectivity (Xia et al., 2018). LB and HB lead to increased water depth and decreased DO concentration in the river (Supplementary Figure S3), which is conducive to incomplete denitrification.

In addition, the higher abundance of nitrifiers (Nitrosospira) in the lotic habitats (S and R) suggest that the LB and HB would inhibit the growth of nitrifiers. The main reason is that the barriers reduce the DO in the river, thus inhibiting the growth of nitrifiers (aerobic bacteria). At present, there are still many uncertainties about the relationship between nitrifiers and N2O accumulation (Beaulieu et al., 2010). According to our results, the decrease of nitrifiers promotes N2O accumulation to a certain extent in river surface sediments.

According to the CH4 concentration in four habitats, the CH4 concentration in P was lower than in S. The main reason was that the abundance of methanotrophs in P was higher than that in S, resulting in a large amount of CH4 consumption. It can be seen that the LB reduces CH4 accumulation. Compared with R, the CH4 concentration in L was higher. The potential reason was that the concentration of DO in L was reduced, which was conducive to the generation of CH4 under anaerobic conditions. It can be seen that the HB increases the accumulation of CH4, these results were consistent with other literature reports (He et al., 2021).



4.2. Microbial network and functions of water and sediment in the four habitats

Denitrifiers and methanotrophs were abundant in the four habitats and significantly affected N2O production and CH4 oxidation, respectively. Hence, a co-occurrence network analysis was conducted to identify the cooperative and competitive relationships among denitrifiers, methanotrophs, and other microorganisms. In networks of P, Proteobacteria was still the first dominant phylum, and the second dominant phylum was Cyanobacteria. Cyanobium_PCC-6307 is a genus with high content of Cyanobacteria phylum. It has been reported that the abundance of denitrifiers has a competitive relationship with non-diazotrophic Cyanobium sp. (Song et al., 2022), so it is further speculated that LB increases the abundance of Cyanobium, further limits complete denitrification and increases N2O accumulation. Interestingly, denitrifiers (Pseudomonas) and methanotrophs (Methylocystis, Methylophilus, Methylotenera), were dominant nodes in water. Previous studies have also reported low N2O and high CH4 fluxes in rivers, which they suggest are due to competition (Deemer et al., 2016). The potential cause is the production of a copper chelator (methanobactin) by methanotrophs during the CH4 cycle (Spirito et al., 2016), which has been shown to effectively compete for copper from denitrifiers, thereby increasing N2O production while reducing CH4 emissions (Chang et al., 2018). Similarly, the availability of copper is particularly important for nosZ expression and activity, since copper is required for the active site of the enzyme (Gaimster et al., 2018). nosZ will compete with methanotrophs for copper ions, thus reducing N2O production and increasing CH4 accumulation. This is consistent with our results that the ratio of nosZ and concentration of CH4 in S and L is higher than that of P and R (Supplementary Figure S4).

In sediments, the Chloroflexi was the dominant bacteria in P and L habitats, it was speculated that the accumulation of Chloroflexi may promote the accumulation of N2O. It has been reported that bacteria attached to Chloroflexi may be highly active protein degradation, breaking down the extracellular peptides bound to the extracellular polymer matrix and simultaneously breathing nitrate to produce nitrite (Lawson et al., 2017). The increase of nitrite can promote denitrification (Quick et al., 2019), and thus increase the accumulation of N2O, which further proves that the barriers can increase the accumulation of N2O. Unlike in water, nitrifiers (Nitrosospira) and methanotrophs (Methylocystis, Methylophilus, Methylotenera), were dominant nodes in sediments. It has been reported that nitrifiers can be inhibited by methanotrophs due to competition between nitrifiers and methanotrophs for available oxygen and inorganic nitrogen (Megmw and Knowles, 1987). As LB and HB reduce DO concentration, nitrifiers in P and L were more severely inhibited compared with S and R, resulting in the stronger activity of methanotrophs. On the other hand, ammoxidation microorganisms may consume CH4, thereby reducing the amount of CH4 oxidized by methanotrophs (Bodelier and Laanbroek, 2004), and thus competing with methanotrophs for CH4. Therefore, the decrease of CH4 content in habitats P and R was also related to the nitrifiers.



4.3. Accumulation patterns of N2O and CH4 in fragmented rivers

In order to further analyze the accumulation patterns of N2O and CH4 in fragmented rivers, the potential metabolic pathways of N2O and CH4 in different habitats were further analyzed. Compared with microbial functional groups, the metabolism between functional enzyme genes can better reveal the coupling relationship of element metabolic processes in environmental media. First, the potential N2O metabolism pathways of microorganisms in four habitats were analyzed. The analysis of the metabolic processes of nitrogenous microorganisms in four habitats revealed that the content of enzymes ([EC:1.7.7.2]) involved in nitrate transformation processes was higher in P compared with S in water (Figure 8), and this promoted the generation of N2O. This further proves that LB promotes the generation of N2O. The expression of enzyme genes involved in the dissimilatory nitrate reduction to ammonium (DNRA) process (Li et al., 2019) ([EC:1.7.1.15], [EC:1.7.7.1], [EC:1.7.2.2]) was higher in S than in P in sediment. The results indicated that more NO2-was converted into NH4+ in S, which reduced the possibility of N2O formation. The content of enzymes ([EC:1.7.2.6]) involved in nitrate transformation processes was higher in L compared with R in water and sediment, and indirectly promotes the generation of N2O. The expression of enzyme genes involved in the DNRA process ([EC:1.7.1.15]) was higher in R than in L in sediment. The results indicated that more NO2− was converted into NH4+ in R, which reduced the possibility of N2O formation. Some studies have shown that the growth rate of a new class of non-denitrifying N2O reductants may be slow, but the isolated strains have great metabolic flexibility, enabling them to grow through DNRA (Sanford et al., 2012; Jones et al., 2014), which plays an important role in N2O reduction. It indicates that both LB and HB can promote the DNRA process, thus increasing the accumulation of N2O.
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FIGURE 8
 KEGG pathways and functional genes related to N2O and CH4 metabolism in the water (A) and sediment (B) of four habitats. DNRA, dissimilatory nitrate reduction to ammonium.


The analysis of the metabolic processes revealed that the content of enzymes (EC:1.17.1.10; Li et al., 2019) involved in CH4 oxidation processes was higher in P compared with S in sediment (Figure 8), and directly reduced the generation of CH4. It further shows that LB inhibits CH4 accumulation by promoting CH4 oxidation. The enzymes (EC:1.14.18.3; Zhang et al., 2020) involved in CH4 oxidation processes were higher in R compared with L in water and sediment, and directly reduced the accumulation of CH4. It further shows that HB increases CH4 accumulation by inhibiting CH4 oxidation. Some studies have speculated that aerobic CH4 oxidation coupled to denitrification process and anaerobic nitrite-dependent CH4 oxidation processes in river sediments (Zhang et al., 2020). It was speculated that the barriers may affect these two processes and thus the accumulation of N2O and CH4.

In summary, we preliminarily sorted out the accumulation patterns of N2O and CH4 in fragmented rivers (Figure 9). It was found that N2O accumulated continuously with the increase of barriers height, and the potential reasons were related to enrichment of Cyanobium, Chloroflexi, and nirS-type denitrifiers, as well as the increase of NO3−-N concentration and decrease of DO concentration in water (Figure 9). The reason for the decrease of CH4 concentration caused by the LB may be related to the compete with Pseudomonas in water. The HB can lead to the accumulation of CH4, which was largely related to the methanotrophs to compete with Nitrosospira in sediment and the decrease of DO concentration.
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FIGURE 9
 Accumulation patterns of N2O and CH4 in fragmented rivers. The water concentration of N2O increases with the height of barriers. The barriers (less than 2 m) inhibit CH4 accumulation, while barriers (higher than 2 m, less than 5 m high) promote CH4 accumulation. The darker the arrow, the higher the solute concentration.





5. Conclusion

In this study, the small barriers lead to the formation of different habitats, and the microbial structure and network also change. Both LB and HB reduce river velocity, leading to an increase in the water bed contact area per unit of water volume, and enrichment of nirS-type denitrifiers in water, promoting the accumulation of N2O. The LB and HB lead to the increase of water depth, which reduces the DO concentration, relieves the inhibition of oxygen on nitrate reductase activity, and promotes the accumulation of N2O.

In addition, the LB leads to an increase in the methanotrophs abundance in water, and an increase in the abundance of the pmoA gene in sediments, which reduces the accumulation of CH4. Moreover, the HB reduces DO concentration and pmoA gene abundance in water, which can increase the accumulation of CH4.
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Headwater streams are highly heterogenous and characterized by a sequence of riffles and pools, which are identified as distinct habitats. That higher species richness and density in riffles than in pools is considered a general pattern for macroinvertebrates. As temperate winters can last long up to half a year, however, macroinvertebrate communities of riffles and pools may assemble differently under ices or snows. Particularly, defoliation concentrating in autumn can largely change habitats in both riffles and pools by litter patching. According to the absence or presence of litter patches, there exist four types of subhabitats, i.e., riffle stones, riffle litters, and pool sediments, pool litters, which are selectively colonized by macroinvertebrates. To study the spatial pattern and temporal dynamics of colonization, macroinvertebrates were surveyed in a warmer temperate forest headwater stream in Northeast China during four periods: autumn, pre-freezing, freezing, and thawing periods. Our study focused on functional trait composition, functional diversity and functional redundancy of macroinvertebrate communities. The colonization of macroinvertebrates was found to be significantly different in these subhabitats. Riffle stones supported higher taxonomic and functional diversities than pool sediments; litter patches supported higher total macroinvertebrate abundance and higher functional redundancy than riffle stones or pool sediments. The functional trait composition changed significantly with seasonal freeze-thaw in both riffle stones and pool sediments, but not in litter patches. Macroinvertebrate community in litter patches showed seasonal stability in taxonomic and functional diversities and functional redundancy. Thus, this study strongly highlights that litter patches play an important role structuring macroinvertebrate community over winter, supporting high abundance and maintaining functional stability.
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1. Introduction

Headwater streams are ubiquitous in river landscapes and are important sources of biota for downstream reaches, and critical sites for maintaining the ecological integrity and health of whole river networks (Clarke et al., 2008; Finn et al., 2011; Callisto et al., 2021). Understanding their biological diversity and community assembly is fundamental to monitoring and management (Clarke et al., 2008; Finn et al., 2011). Headwater streams are highly heterogenous and characterized by a sequence of riffles and pools. Riffles and pools are identified as distinct habitats, and significantly different in physical features including flow, depth, slope, and substrate composition (Gordon et al., 1992; Merritt and Cummins, 1996; MacWilliams et al., 2006). Studies of riffles and pools have shown a general pattern for macroinvertebrate communities: species richness and density are higher in riffles than in pools (Scullion et al., 1982; Logan and Brooker, 1983; Brown and Brussock, 1991). Additionally, macroinvertebrate composition of functional feeding groups is different between the two habitat types, for example, more scrapers in riffles and more gather-collectors in pools (Cummins, 2016). However, such a pattern changes largely with latitude, season, flow regime, and environmental stress (Boulton and Lake, 1992; Carter and Fend, 2001; Bogan and Lytle, 2007; Mendes et al., 2017; Herbst et al., 2018). For example, discharge regime has been found to affect largely macroinvertebrate community composition in snowmelt-dominated streams (Carter and Fend, 2001; Herbst et al., 2018).

Although there have been many studies from temperate streams, how biological communities of riffles and pools assemble under surface ices in temperate winter remain unclear. In high latitudes, winter is rather long and even lasts up to ≥half a year. However, most seasonal studies usually have a low time-resolution for such a long winter. In temperate streams, particularly, leaves from riparian vegetation intensively fall in autumn and are accumulated in the riffles and pools (Kobayashi and Kagaya, 2002, 2004). As leaves are not only an important food source, but also can modify habitat heterogenicity, sudden accumulated leaves and thereafter decomposition can influence the structure and dynamics of macroinvertebrate community during winter (Richardson, 1992; Mendes et al., 2017; Al-Zankana et al., 2021). Leaves are unevenly distributed in riverbeds and form so-called litter patches in both riffles and pools. In riffles, litter patches easily occur at the upstream face of flow obstacles (such as stones, and branches) and usually have higher leaf mass. In pools, litter patches occur in places with low water currents and have higher mass of wood and small litter fragments. According to litter’s presence or absence, there are four types of distinct subhabitats: riffle stones, riffle litters, and pool sediments, pool litters. The four subhabitats have distinct physical and chemical conditions, and can be colonized selectively by macroinvertebrates. Such colonization significantly depends on rainfall and discharge (Buss et al., 2004).

Within a stream, difference in macroinvertebrate communities between riffles and pools is dependent of environmental conditions such as flow regimes and food supply (Scullion et al., 1982; Brown and Brussock, 1991). Several studies reported that difference in species richness is not always significant, but the difference in quantitative composition is more common (Mendes et al., 2017). During a long temperate winter that can be divided into pre-freezing, freezing, and thawing periods, the difference in macroinvertebrates between riffles and pools is expected to change largely from the autumn just after defoliation toward water freezing and snow thawing next spring.

For the assembly of macroinvertebrate communities, both classical river continuous concept and habitat templet theory suggest that species sorting or environmental selection be stronger over smaller spatial extents (Vannote et al., 1980; Townsend and Hildrew, 1994; Hamilton et al., 2020). As a local filter, environmental selection retains species with suitable functional traits, which are morphological, biochemical, physiological, structural, phenological, or behavioral features that influence performance or fitness (Nock et al., 2016). Functional diversity, a component of biodiversity, is defined as the functional trait differences between organisms present in a community, mostly including functional richness, evenness, and divergence (Mason et al., 2005, 2013). The functional diversity of a local community indicates species heterogeneity and is strongly associated with its performance in environmental change (Mason et al., 2005, 2013). Thus, trait–based assessment (i.e., functional trait composition analysis) is likely to detect sensitively the structural and functional difference between riffles and pools (Herbst et al., 2018). At community level, functional redundancy is defined as the fraction of taxonomic diversity not expressed by functional diversity (Ricotta et al., 2016). It provides an important measure indicating community assembly in viewpoint of functional traits (Ricotta et al., 2020). Although litter patches are attractive to many groups of macroinvertebrates, they tend to decrease substrate heterogeneity in both riffles and pools, and may reduce functional diversity and increase functional redundancy.

For temperate deciduous broad-leaved forests, the defoliation concentrates in autumn, macroinvertebrates immediately colonize into the litter patches, and specially, shredders intensively involve and facilitate litter decomposition (Cummins et al., 1989; Kobayashi and Kagaya, 2005, 2009). Usually, it takes months for litters to be completely decomposed (Gessner et al., 1999). Such decomposition occurring hiddenly under ices or snows may be limited by rather low water temperature. Macroinvertebrate richness and density increase with litter palatability and may peak in the middle and even late winter. Toward next spring, snowmelt can result in increasing discharge that can change habitat stability, promoting passive or active dispersal of many species. Species colonized into the litter substrates of both riffles and pools become biota sources for downstream. Therefore, macroinvertebrate assemblages experience a highly dynamic succession (Wang, 2020).

In this study, we aim to test three hypotheses that highlight difference in functional diversity and redundancy of macroinvertebrate communities between riffles and pools (Figure 1). (1) Riffles have higher habitat heterogeneity than pools, thus, host richer macroinvertebrate species and higher functional diversity. Since environmental selection has greater impact on functional traits than species themselves, higher functional diversity leads to lower functional redundancy in riffles than in pools. (2) For both riffles and pools, litter patches provide macroinvertebrates with more foods but lower substrate heterogeneity. The reduced environmental selection and limited competition under low temperature will result in lower functional diversity and higher functional redundancy. (3) From the pre-freezing to freezing periods, food that increases with litter decomposition supports high richness and density of colonized macroinvertebrates. During this period, both low temperature and high food resource reduce interspecific competition, and tends to decrease functional diversity and increase functional redundancy. From the freezing to thawing periods, however, leaf nutrition decreased with litter decomposition, the richness and density of colonized macroinvertebrates decrease, and nutritional limitation promoted interspecific competition, resulting in increase in functional diversity and decrease in functional redundancy.
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FIGURE 1
A hypothesized variation of functional diversity and redundancy between four subhabitats (riffle stone, pool sediment, riffle litter, and pool litter) and between four periods (autumn, pre-freezing, freezing, and thawing periods). (A) The difference in functional redundancy between riffle stones and pool sediments; (B) the difference in functional redundancy between riffle sediments and riffle litters; (C) the temporal variation of functional redundancy from autumn to next spring. DS, taxonomic diversity, indicated by an open ellipse; DF, functional diversity, shown by a filled ellipse, DF ≤ DS. Functional redundancy = 1–DF/DS.


In the present study, we test the three hypotheses by examining macroinvertebrates in a warmer temperate stream of the Songhua River, Jilin Province, Northeast China. We limited this study in a single stream so that all local communities surely share a common species pool and all sites have a common regional background, especially the same riparian vegetation. The resulted dataset can reduce the complex influence of multiple factors. This study provides a case study of the dynamics of stream macroinvertebrate assembly associated with defoliation in warmer temperate.



2. Materials and methods


2.1. Study area

The filed investigation was conducted in a forest headwater stream of the Songhua River Basin, of Northeast China, which is located in the Longwan Nature Reserve (126°13′55″–126°13′55″N, 42°16′20″–42°26′57″E). The river basin has a warm temperate and continental monsoonal climate, with a mean annual precipitation of about 700 mm. The mean annual water temperature is about 7°C, and the monthly water temperature varies from 0.5°C in January in winter to 15°C in July in summer. Winter here lasts for 5 months from November to April each year, during which approximately 70% of the surface stream water is frozen. The riparian vegetation is dominated with tree species: Acer mono, Tilia amurensis, Quecus mongolica, Ulmus pumila, and Populus davidiana. In this study, a 500 m reach was selected to consist primarily of fast-flowing riffles and slow-flowing pools (Figure 2A). From autumn to next early spring, the riverbeds are covered with leaves or litters that form litter patches in both riffles and pools. Following the classification by Buss et al. (2004), we defined four common substrates: riffle stones and pool sediments, riffle litters, and pool litters (Figures 2B–G).
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FIGURE 2
Location of sampling reach (A); sampling reach with sequence of riffles and pools in the autumn (B); sampling reach in the winter (C); riffle litter in the autumn (D); riffle litter in the winter (E); pool litter in the autumn (F); pool litter in the winter (G).




2.2. Sampling and identification of macroinvertebrates

Macroinvertebrates and litter patches were investigated across four periods: autumn (mid October of 2017), pre-freezing (early November of 2017), freezing (early January of 2018), and thawing periods (early March of 2018). The sampling was performed in a 500 m reach that consists primarily of fast-flowing riffles and slow-flowing pools. In each period, four litter patches from four pools and four litter patches from four riffles were sampled. For riffle litters, the components of litter patches and macroinvertebrates were collected with a Surber sampler (30 × 30 cm, 500 μm mesh size) because patches size (area covered by litter) was less than 900 cm2. Organic matter inside the sampler except for large branches was washed into the net. The size of sampled litter patches was recorded. For litters and macroinvertebrates in pool patches, a square-cut cushion of sponge rubber (50 × 50 cm with an inner 20 × 20 cm opening) was putted on litters for quantitative sampling. Organic matter inside the opening was washed into the D-frame net (500 μm mesh size). In each period, six riffles and six pools were randomly selected for collecting macroinvertebrates of riffle stones and pool sediments. Habitats for riffle stones and pool sediments were identified visually based on velocity, depth, particle size, and moss cover. One sample of macroinvertebrates was collected and integrated for each riffle or pool at three microhabitats with a Surber net (30 × 30 cm, 500 μm mesh size). All the macroinvertebrates were stored in 75% ethanol.

In the laboratory, all macroinvertebrates were individually picked from the detritus and other materials from each sample. All litter samples were washed through nested sieves (16 and 1 mm), and the contents of these sieves were separated into litter and macroinvertebrates. Macroinvertebrates were identified to the genus level, except for Chironomidae, which was taxonomically rich and identified as a subfamily. Identification and counting of taxa were performed by a stereoscopic microscope using monographs, publications, and other relevant literature (Morse et al., 1994; Wiggins, 1996; Thorp and Covich, 2001). All litters were classified into three categories: coarse particulate organic matter (CPOM: >16 mm), leaves (16 mm), and small woody detritus (SWD: 16–100 mm). The litters in each category were dried at 60°C for 48 h and weighed.



2.3. Measurements of environmental variables and litter patches characteristics

Environmental variables were synchronously measured at riffles and pools. The water velocity (Vel) was measured using a portable velocity analyzer. Water depth was estimated using a graduated stick. Water temperature (Temp), pH, turbidity (Turb), conductivity (Cond), and dissolved oxygen (DO) were measured using a portable water quality analyser (YSI). Substrates were quantified by visually estimating the percentage of boulders, cobbles, pebbles, gravel and sand following the protocol established by Cummins (1962). In each period, six riffle patches and six pool patches were randomly selected for measuring. Detritus area (cm2), detritus height (cm), and water depth (cm) were recorded, and current velocity (m/s) just above the patches was measured using a portable current meter.



2.4. Measures of taxonomic diversity, functional diversity, and functional redundancy

Taxonomic diversity was measured with taxon richness and Simpson’s diversity. Functional diversity was measured using Rao’s diversity. To calculate functional diversity, 21 traits in six types (Supplementary Table 1) were chosen from the database information published by Poff et al. (2006), Tomanova and Usseglio-Polatera (2007). The chosen traits represent the dimensions of the ecological niche of macroinvertebrates, including life history (voltinism), mobility (swimming ability), morphology (shape), and ecology (rheophily, habitat, trophic habits), and have been proved to be sensitive to the environmental conditions, such as physical environment condition and food resource (Cummins, 1974; Tomanova and Usseglio-Polatera, 2007). Functional trait dissimilarity between taxa was quantified using the gawdis distance with the “gawdis” function in the R package (de Bello et al., 2021). Simpson’s diversity (D), Rao’s diversity (Q), and the taxon-level vulnerability with the “uniqueness” function were calculated in the ade package (Ricotta et al., 2016). Following a framework proposed by Ricotta et al. (2016, 2021), Pavoine and Ricotta (2019), functional redundancy was measured as the fraction of taxonomic diversity not expressed by functional diversity. Finally, we calculated functional redundancy (FR): FR = (D–Q)/D (Ricotta et al., 2016). The methodology of calculating functional diversity and functional redundancy was described in detail in Wang et al. (2023). All diversity analyses were performed using R v4.2.0.



2.5. Statistical analysis

Two-way analysis of variance (ANOVA) was applied to determine the differences in environmental variables between riffles and pools and among the four periods. The difference in the composition of macroinvertebrate communities was tested among the and four periods between riffle litters and pool litters, between riffle stones and riffle litters, and between pool sediments and pool litters by two-way analysis of similarities (ANOSIM) based on the Bray-Curtis dissimilarity matrix, separately. Then, SIMPER (similarity percentages-species contributions) was performed to determine the species that most contribute to the differences. The difference in relative abundance of each functional trait, species richness, density, Simpson’s, Rao’s diversity and functional redundancy among four periods and between riffle litters and pool litters, between riffle stones and riffle litters, and between pool sediments and pool litters were also detected by two-way ANOVA. Where significant ANOVA result was obtained (p < 0.05), Tukey’s multiple comparisons tests were conducted. Nested ANOVA analysis was applied to determine the difference in species richness, Simpson’s, Rao’s diversity and functional redundancy between riffles (include riffle stones and riffle litters) and pools (include pool sediments and pool litters) in each period. The ANOVA and Tukey’s test were performed using SPSS software (version 21.0). The two-way similarity (ANOSIM) and similarity percentages-species contributions were conducted using PAST software (version 3.0) (Hammer et al., 2001).

Redundancy analysis (RDA) was run to check the variables that influence community variation of the macroinvertebrate communities. Environmental variables included velocity, depth, substrate composition (boulders, cobbles, pebbles, gravel, and sand%), total litter abundance and four litter components (CPOM abundance, Leaves abundance, and SWD abundance). Species’ population density was Hellinger transformed and environmental variables were standardized prior to RDA. The significance of the full model of RDA was test with the ANOVA function. A forward selection procedure was conducted with the ordiR2step function to select the significant variables. Redundancy analysis was run in the vegan package (Legendre and Legendre, 2012). The hierarchical partitioning method was used to distinguish a single variable’s contribution via the rdacca.hp package (Lai et al., 2022).




3. Results


3.1. Environment conditions

Physical environmental variables exhibited significant differences between riffles and pools (Figures 3A–D). Water flow velocity was higher in riffles, while water depth was higher in pools. Substrates in riffles were mainly composed of boulders and cobble, but those in pools had higher proportion of sand and gravel. The characteristics and composition of litter patches were significantly different between riffles and pools. Pool litters had higher litter area (Figures 3E–H and Supplementary Table 2), but lower litter abundance than riffle litters. Pool litters had higher relative abundance of coarse particulate organic matter (CPOM), while riffle litters had higher relative abundance of leave.
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FIGURE 3
Physical environmental conditions: (A) depth, (B) velocity, (C) water temperature, (D) substrate composition in riffles and pools during the four periods; and litter composition: (E) leave abundance, (F) CPOM abundance, (G) SWD abundance, and (H) relative abundance of each litter type in the riffle and pool litter patches during the winter. R, riffles; P, pools; AP, the autumn period; PP, the pre-freezing period; FP, the freezing period; TP, the thawing period; CPOM, coarse particulate organic; SWD, small woody detritus.


Toward the winter, water temperature decreased extremely, and the stream below the ice surface was characterized by low water depth and low water velocity. Subsequently, in the thawing period, the increased temperature accelerated ice-snow melting, resulting in significant increase in water velocity. However, there was no obvious change in substrate composition during the whole winter. Regarding litter composition, the relative abundance of leaves was highest in the autumn, then decreased gradually, while the relative abundance of CPOM was highest in the freezing period.



3.2. Macroinvertebrate composition

In total, 50 taxa from 9 orders and 31 families were identified in the sampled macroinvertebrates (Supplementary Table 3): 36 taxa occurred in riffle stones, 29 in pool sediments, 33 in riffle litters, and 32 in pool litters. Ephemerella, Taenionema, Hydropsyche, Orthocladiinae, Chironominae, and Gammarus dominated in riffle stones, while Ephemerella, Orthocladiinae, Chironominae, and Pseudamophilus did in pool sediments. Ephemerella, Utaperla, Taenionema, Tanypodinae, Orthocladiinae, and Gammarus were dominant groups in riffle litters, while Utaperla, Taenionema, Tanypodinae, Orthocladiinae, and Chironominae were dominant in pool litters.

ANOSIM analysis showed considerable difference in macroinvertebrate communities between riffle stones and pool sediments in each period (p < 0.05), between riffle stones and riffle litters in each season (p < 0.05), and between pool sediments and pool litters during the autumn and pre-freezing periods (p < 0.05). Both riffle stone and pool sediment communities showed significant temporal variation between different periods (p < 0.05). Riffle litter community significantly changed from the autumn to the pre-freezing period and from the freezing to the thawing periods (p < 0.05). However, pool litter community changed significantly only from the autumn to the pre-freezing periods (p < 0.05). SIMPER analysis showed the density variation of Chironominae, Utaperla, Taenionema, and Tanypodinae most contributed to spatial and temporal differences in community composition (Figure 4).
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FIGURE 4
Change in the mean density of main groups that caused spatial and temporal differences of community composition via similarity percentages (SIMPER) analysis. RS, riffle stones; PS, pool sediments; RL, riffle litters; PL, pool litters; AP, autumn period; PP, pre-freezing period; FP, freezing period; TP, thawing period.


The density of macroinvertebrates, especially collector-filterers, scrapers and shredders were significantly higher in riffle stones than in pool sediments (p < 0.05, Figure 5). Riffle litters supported higher macroinvertebrate density than riffle stones. Regarding functional feeding groups, predator density was significant higher in riffle litters than in riffle stones in each period (p < 0.05); collector-gatherer and shredder density were higher in riffle litters from the autumn to the freezing periods (p < 0.05); however, collector-filterer density was higher in riffle stones than in riffle litters from the pre-freezing to the thawing periods (p < 0.05). However, there were no significant difference in density of each functional feeding group between pool sediments and pool litters.


[image: image]

FIGURE 5
Density of macroinvertebrates and functional feeding groups in the four types of substrates during the four periods. Light black asterisk indicated significant difference between riffle stones and pool sediments; dark black asterisk indicated significant difference between riffle stones and riffle litters. RS, riffle stones; PS, pool sediments; RL, riffle litters; PL, pool litters; AP, the autumn period; PP, the pre-freezing period; FP, the freezing period; TP, the thawing period.


Collector-gatherer density was highest during the freezing period in both riffle stones and pool sediments; scrapers and predator density be highest during the freezing period in riffle stones. In riffle litters, collector-filterer density was highest during the autumn; while predator density was highest in the freezing period. In pool litters, the densities of macroinvertebrates and their individual functional feeding group has no significant difference between the four periods.

RDA showed that the full model (adjR2 = 0.120, p = 0.001) significantly explained the variation in total community structure. The significant variables, i.e., velocity, Boulders%, and total litter abundance, explained 3.65, 4.99, and 3.38% of the total variation of the communities, respectively (Supplementary Figure 1).



3.3. Functional trait composition

There was significant difference in functional trait composition between riffle stones and pool sediments, and between riffle stones or pool sediments and their litter patches (Figure 6). Pool sediment community was characterized by higher relative abundance of “Bi- or multivoltine,” “None swim,” “Burrower,” and “Collector-gatherer” taxa; while riffle stone community had more relative abundance of “Erosional” and “Scraper” taxa. Higher relative abundance of “Erosional,” “Collector-filterer,” and “Shredder” taxa occurred in riffle stones than in riffle litters. Higher relative abundance of “Depositional” and “Predator” taxa occurred in pool litters than in pool sediments.
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FIGURE 6
Relative abundance (Mean ± SD) of taxa belonging to different trait states for each trait group in the riffle stones, the pool sediments, the riffle litters, and the pool litters during different period. RS, riffle stones; PS, pool sediments; RL, riffle litters; PL, pool litters; AP, the autumn period; PP, the pre-freezing period; FP, the freezing period; TP, the thawing period.


Functional trait composition showed a clear temporal change in both riffle stones and pool sediments. In riffle stones, the relative abundance of “Semivoltine” groups decreased but that of “Univoltine,” “weak swimming,” and “Depositional and Erosional” groups increased significantly from the autumn to the pre-freezing periods; “Shredder” decreased from the freezing to the thawing periods. In pool sediments, the relative abundance of “Erosional” groups decreased but “Burrower” and “Collector-gatherer” groups increased significantly from the autumn to the pre-freezing period; whereas the relative abundance of “Burrower” and “Collector-gatherer” decreased, but “weak swimming,” “Streamlined,” and “Shredder” groups increased from the freezing to the thawing periods. However, functional trait composition in both riffle litters and pool litters did not change significantly over the four periods.



3.4. Taxonomic and functional diversity and functional redundancy

Taxonomic and functional diversity and functional redundancy of macroinvertebrate communities showed significant difference between subhabitats (Figure 7 and Supplementary Table 4). Taxonomic richness colonized was significantly higher in riffle stones than in pool sediments, and higher in riffle stones than in riffle litters. Simpson’s diversity was significant higher in riffle stones than in pool sediments during the autumn and the freezing periods. Rao’s diversity was significantly higher in riffle stones than in pool sediments, and significant higher in riffle stones or pool sediments than their litter patches. Functional redundancy did not show significant difference between riffle stones and pool sediments, but was significant higher in litter patches than in both riffle stones and pool sediments.
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FIGURE 7
Richness, Simpson’s, Rao’s, and functional redundancy (FR) in the four types of substrates during the four periods. Light black asterisk indicated significant difference between the riffle stones and the riffle litters (p < 0.05); dark black asterisk indicated significant difference between the pool sediments and the pool litters (p < 0.05); different small letters represent significant difference in Simpson’s diversity and functional redundancy among periods in the pool sediments (p < 0.05). RS, riffle stones; PS, pool sediments; RL, riffle litters; PL, pool litters; AP, the autumn period; PP, the pre-freezing period; FP, the freezing period; TP, the thawing period.


Simpson’s diversity and functional redundancy showed a significant seasonal variation in pool sediments (Figure 7), where Simpson’s diversity decreased significantly during the freezing period, and functional redundancy increased significantly during the pre-freezing period.

The difference in richness, Simpson’s diversity, Rao’s diversity and functional redundancy between riffles and pools via the nested ANOVA analyses showed similar results with the difference between riffle stones and pool sediment via the two-way ANOVA (Table 1 and Supplementary Table 4).


TABLE 1    Nested analysis of variance (ANOVA) for present-absent litter and habitat (riffle-pool) effects on richness, Simpson, Rao, and functional redundancy (FR) in each period.
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4. Discussion


4.1. Winter dynamics of functional diversity and redundancy of macroinvertebrates in the riffle stones and the pool sediments

Headwater streams usually show high spatial heterogeneity even in a few meters, creating mosaics (i.e., a sequence of riffles and pools) with different environmental conditions (Frissell et al., 1986; Mazão and da Conceição, 2016) and affecting aquatic macroinvertebrate assemblages (Vison and Hawkins, 1998; Heino et al., 2004; Clarke et al., 2008). As we expected, physical environmental characteristics and food resource availability were significantly different between riffles and pools in this study. Compared to riffles, pools were deeper, subjected to lower hydrological disturbance, containing more fine sediments and higher relative abundance of CPOM but less leaves. Under distinct environmental selection, both taxonomic and function diversities were higher in the stony substrates of riffles than the sedimental substrates of pools, but functional redundancy showed little difference, supporting partially our first hypothesis.

Physical disturbance and substrate type are key environmental factors affecting macroinvertebrate communities (Brown and Brussock, 1991; Roy et al., 2003). In our stream, water velocity and substrate composition significantly affected macroinvertebrate community composition in both riffles and pools. “None swim” and “Burrower” taxa, such as Chironomidae dominated the macroinvertebrates in pool sediments; while “weak swim” (e.g., Taenionema) dominated those in riffle stones. Food resources also constitute an environmental template for macroinvertebrates communities (Cummins and Klug, 1979; Beisel et al., 2000; Herbst et al., 2018). More abundant shredders mainly feeding on leave colonized in riffle stones than in pool sediments, because more leaves covered on riffle stones. More scrapers also colonized in riffle stones, because lots of rocks provide more surface habitats attached by diatom. And omre collector-filterers (e.g., Hydropsyche) were also been found in riffle stones, because they benefit from high water velocity that provides suspended organic matter. As a result, riffle stones supported a greater taxonomic and functional diversities of macroinvertebrates than pool sediments, which is similar with most comparative studies of stream macroinvertebrate communities between riffles and pools (Logan and Brooker, 1983; Brown and Brussock, 1991; Carter and Fend, 2001). Due to the synchronous change in both Simpson’s and Rao’s diversities of macroinvertebrates between riffle stones and pool sediments, there was no significant difference in functional redundancy between the two types of habitats.

It is common considered that functional trait composition has temporal stability in habitats with low environmental fluctuation and strongly changes only in the high environmental fluctuation (Statzner et al., 2004; Bêche et al., 2006). Freezing and thawing are two contrast environmental processes. Freezing decreases water temperature and hydrologic disturbance, whereas thawing increases water temperature and hydrologic disturbance. Significant variation of macroinvertebrates was found in functional trait composition between the two periods. During the pre-freezing period, “weak swim” group (e.g., Taenionema) became significantly abundant in riffle stones, indicating this group can escape from unfavorable habitats and adapt to considerable environmental changes caused by low temperature and freezing. Decrease in the relative abundance of “Erosional” group but increase in “Burrower” group indicated by their relative abundance in pool sediments suggest the adaptation of macroinvertebrates to low hydrological disturbance. During the thawing period, increase of “weak swim” group but decrease of “Burrower” group in pool sediments show their adaptation to high hydrological disturbance.

Taxonomic diversity, functional diversity and functional redundancy in riffle stones showed a low temporal variation, suggesting that freezing and thawing had less effects on riffle macroinvertebrates. In pool sediments, Simpson’s diversity increased significantly with the increased evenness during the thawing period, and functional redundancy increased significantly during the pre-freezing period, due to that Simpson’s diversity increased greater than Rao’s diversity. The seasonal change in biological diversity and functional redundancy of macroinvertebrate communities in pool sediments depend on its substrate stability. That is, the riverbeds in pool sediments that are mainly composed of sand and gravel are unstable and sensitive to hydrological disturbance (Duan et al., 2008). In comparison, riffle stones have a constitutional potential to maintain the temporal stability of structure and function of macroinvertebrate communities.



4.2. Litter patches altered functional diversity and redundancy of macroinvertebrate communities

Litterfall occurs mainly in streams within a short autumn period in boreal streams, they are intercepted in riffles or deposited in pools, forming litter patches (Egglishaw, 1964; Mackay and Kalff, 1969; Kobayashi and Kagaya, 2002). Being different from pure stony and sedimental substrates, litter patches over them largely modify the features of habitats, i.e., increasing habitat homogeneity by reducing weak hydrological disturbance but providing much more food resource (Cummins, 1974; Holomuzki and Hoyle, 1990; Dobson, 1994; Wallace et al., 1999). In our case, total litter abundance was found to influence significantly the community structure of macroinvertebrates.

In our riffles, the litter substrates attracted abundant shredders (e.g., Gammarus) by providing leaves for their feeding, as well as collector-gatherers (e.g., Ephemerella and Chironomidae) by accumulating much fine particulate organic matter, and abundant predators (e.g., Utaperla). Many studies have also found that litter retention largely determines the abundance of macroinvertebrates (Short et al., 1980; Dobson and Hildrew, 1992; Dobson, 1994; Wallace et al., 1999). However, not all taxa in our investigated riffles were attracted markedly by litter patches. More “Erosional” taxa (e.g., Glossosoma and Cyrnellus) and “Collector-filterer” taxa (e.g., Hydropsyche and Simulium) colonized in riffle stones, because they require high water flow for living (e.g., breathing or feeding). In general, litter patches support lower macroinvertebrate richness but higher density than stones. Due to higher community evenness in litter patches, Simpson’s diversity did not show significant difference between riffle litter and stony substrates. On the other hand, reduced environmental selection and limited competition promote trait clustering between species, resulting in lower functional diversity (Grime, 2006; Helmus et al., 2010). As our second hypothesis predicted, riffle litters had lower functional diversity but higher functional redundancy than riffle stones did.

The area of litter patches is larger in pools than in riffles, usually covering most of pool sediments. Due to the similar physical environment conditions, pool litter and pool sediment communities had similar taxonomic richness, density and Simpson’s diversity. However, high food resource reduced interspecific competition that decreased functional diversity, finally resulting in decrease in functional redundancy that supports our second hypothesis.

Litter patches are not a type of stable habitat, their food value and habitat feature change with the litter decomposition, which could affect macroinvertebrate communities. The decomposition of litter usually lasts for several months, generally in three phases: (1) leaching and initial rapid loss, (2) microbial conditioning, and (3) macroinvertebrate consumption and physical breakdown (Webster and Benfield, 1986; Gessner et al., 1999). Conditioning of microbes not only accelerates the decomposition of leaf litters but also changes the palatability of litters for shredders (Cummins et al., 1989; Gessner et al., 1999). With increase in litter palatability, litters could attract more abundance of macroinvertebrate (Cummins et al., 1989; Graça et al., 2001). According with this general temporal pattern, the macroinvertebrate density in this study indeed increased from the autumn to the freezing period in riffle litters and pool litters, despite the low temperature during the freezing period. This also suggests that macroinvertebrates could be more sensitive to food resources than to temperature changes. Many boreal stream studies also demonstrated that macroinvertebrates activity still active under low temperatures and may play a larger role in litter decomposition (Irons et al., 1994; Muto et al., 2011). After that, the macroinvertebrate density decreased during thawing period, due to decrease in litter nutrient content and increase in hydrological disturbance.

Under strong interspecific competition, the abundance of competitive taxa increases and its vulnerability decreases (see Ricotta et al., 2016). In our stream, Taenionema and Rhyacophila are both scrapers and overlap in their food niche. With highly competitive ability, Taenionema abundance increased a lot from the autumn to the freezing periods, and its vulnerability value significantly decreased from 0.21 to 0.14. In contrast, with a low competitive ability, Rhyacophila increased its vulnerability from 0.21 to 0.29. On the other hand, reduction in hydrological disturbance decreased environmental stress, which increased trait clustering between species in litter patches. As a result, functional trait composition and functional diversity of litter patch macroinvertebrates showed only slight change from the autumn to the freezing periods. During the thawing period, the reduced food tends to promote interspecific competition, but counteracted by increased hydrological disturbance, resulting in stable functional composition. As Simpson’s diversity and functional diversity did not change significantly during the studied four periods, the functional redundancy had temporal stability in the litter substrates of both riffles and pools, inconsistent with our third hypothesis.

In summary, compared with riffle stones and pool sediments, litter patches support not only higher total macroinvertebrate abundance but also higher functional redundancy which support an over-winter stability of functional trait composition and functional diversity.
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Riparian zones represent important transitional areas between aquatic and terrestrial ecosystems. Microbial metabolic efficiency and soil enzyme activities are important indicators of carbon cycling in the riparian zones. However, how soil properties and microbial communities regulate the microbial metabolic efficiency in these critical zones remains unclear. Thus, microbial taxa, enzyme activities, and metabolic efficiency were conducted in the riparian zones of the Three Gorges Reservoir (TGR). Microbial carbon use efficiency and microbial biomass carbon had a significant increasing trend along the TGR (from upstream to downstream); indicating higher carbon stock in the downstream, microbial metabolic quotient (qCO2) showed the opposite trend. Microbial community and co-occurrence network analysis revealed that although bacterial and fungal communities showed significant differences in composition, this phenomenon was not found in the number of major modules. Soil enzyme activities were significant predictors of microbial metabolic efficiency along the different riparian zones of the TGR and were significantly influenced by microbial α-diversity. The bacterial taxa Desulfobacterota, Nitrospirota and the fungal taxa Calcarisporiellomycota, Rozellomycota showed a significant positive correlation with qCO2. The shifts in key microbial taxa unclassified_k_Fungi in the fungi module #3 are highlighted as essential factors regulating the microbial metabolic efficiency. Structural equation modeling results also revealed that soil enzyme activities had a highly significant negative effect on microbial metabolism efficiency (bacteria, path coefficient = −0.63; fungi, path coefficient = −0.67).This work has an important impact on the prediction of carbon cycling in aquatic-terrestrial ecotones.
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1. Introduction

Riparian zones are areas formed along rivers, lakes, and open-water wetlands in the transition area from aquatic to terrestrial ecosystems (Welsh et al., 2017; Hille et al., 2018), and they are water-land interface areas that have both water and land characteristics. The rich biodiversity and unique edge effects make riparian zone habitats dynamic, complex and diverse (Gregory et al., 1991). Riparian soils represent a vital reservoir of biodiversity and underline a multitude of ecosystem processes and functions. Riparian zone soils are an important part of the environmental composition and their biodiversity influences the structural and ecosystem function of the riparian zone.

Microorganisms in riparian soils regulate the main carbon fluxes between the soil and the atmosphere, where they are the key drivers of the carbon cycle. Riparian zones are usually found in channels that are unmanaged and formed by natural water level fluctuations (Malik et al., 2018). Dynamic riparian zone habitats result in the loss of organic carbon in riparian zone soils. Microbial metabolic efficiency, as an important indicator of microbial anabolism, represents the C distribution between microbial biomass and CO2 production, and can reflect the changes of microbial physiological characteristics (Frey et al., 2013; Mo et al., 2021). In this study, carbon use efficiency (CUE), microbial metabolic quotient (qCO2), microbial biomass turnover time (τ), and microbial biomass carbon (MBC) are defined to evaluate the microbial metabolic effenciency. Generally, lower qCO2 and higher CUE indicate higher metabolic efficiency in the soil ecosystems (Wardle and Ghani, 1995; Chen et al., 2018). The CUE is an important regulator of carbon stock, and it can also affect the C retention time and carbon turnover rate of an ecosystem (Wieder et al., 2013; Adingo et al., 2021). It has been shown that microbial communities’ microbial metabolic efficiency such as qCO2 and CUE, is the basis of ecosystem carbon storage rates (Xu et al., 2017; Chen et al., 2018; Malik et al., 2018). Some studies have shown that the metabolic efficiency of microbial communities is influenced by abiotic factors and varies with environmental conditions (Sinsabaugh et al., 2013; Xu et al., 2017). Microbial growth and CUE were found to be influenced by microbial diversity and community structure (Soares and Rousk, 2019). Furthermore, soil enzymes are proteins produced by microbial cell secretions, which are involved in the whole process of decomposition and synthesis of organic matter and release of nutrients in the soil (Hill et al., 2012). Riparian soil microbial communities are very sensitive to water-level disturbances and changes in the external environment, and the unique inverse seasonal variation in water level has a great impact on their composition and structural changes, affecting the secretion of soil microbial enzymes, respiratory metabolism and/or catabolism, thus affecting ecological processes closely related to the soil carbon cycle (Allison et al., 2010; Feng et al., 2019).

Microbial community composition and key taxa may also activate soil carbon transformation in various processes. However, despite the recognition that microbial communities are critical for microbial metabolism efficiency, as far as we know, there are still relatively few studies on microbial diversity and microbial metabolic efficiency in riparian soil ecosystems. It is necessary to study the mechanisms by which soil microbial communities regulate their physiological properties (e.g., selective enzyme secretion for nutrient uptake under nutrient-limited conditions; regulation of interspecific community competition or collaboration, etc.) to adapt to external environmental dynamics. Moreover, research has indicated positive relations between biodiversity and soil functions, such as denitrification and methanogenesis (Delgado-Baquerizo et al., 2020). However, changes in microbial communities of soils with rich diversity might be associated with an abundant presence of functionally redundant organisms that generally do not translate into changes in soil function, especially for carbon cycling function (Wertz et al., 2006).

The reservoir riparian zone has a water system that is independent of natural water systems such as streams and rivers. China’s Three Gorges Dam blocks a natural river, creating a large reservoir and a total riparian area of 349 km2 (Ye et al., 2019; Zhu et al., 2022). With the implementation of the Three Gorges Dam project in 2008, the reservoir level fluctuates from 145 m in summer (May to September) to 175 m in winter (October to April; Zhang and Lou, 2011). Previous studies have mainly focused on geomorphic delineations (Gurnell et al., 2001; Verry et al., 2004; Clerici et al., 2013), the effects of hydrology (Brosofske et al., 1997; Wantzen et al., 2008), plant colonization (Hupp and Osterkamp, 1996; Li T. et al., 2022), biogeochemical actions (Smith et al., 2012; Zhang et al., 2012), ecological services (Sparovek et al., 2002; Stutter et al., 2012), and interactions among the studied objects (Gregory et al., 1991; Osterkamp and Hupp, 2010; Polvi et al., 2011; Gurnell et al., 2012; Ding et al., 2022). However, the impacts of dams on hydrologic and biogeochemical processes in the riparian zones of reservoirs could be more complex and diverse. The unique inverse seasonal variation in water level has a great impact on changes in soil conditions and vegetation types (Ye et al., 2012; Garssen et al., 2015), and these changes ultimately affect soil composition and soil enzyme activity as well as soil functions. Sensitive riparian habitats might establish complex interaction characteristics between microorganisms and microbial metabolism efficiency. It is undoubtedly important to study links between microbial communities and soil carbon functionality, which can provide valuable information on microbial predictions of ecosystem processes and functions in the riparian soils.

The overall object of this study is to explore the direct or indirect drivers on microbial metabolic efficiency along the riparian zones of the TGR. We hypothesize that: (1) The sensitive and complex riparian habitats results different microbial metabolic efficiency distribution in the riparian zones of the TGR; (2) More diverse in soil microbial communities will have higher microbial metabolic efficiency; and (3) High soil enzyme activities means higher microbial capacity to utilize substrates, thus soil enzyme activities might can be indicators of microbial metabolic efficiency in the riparian ecosystems. To overcome these key issues, we select the riparian soils in the TGR to conduct relative researches. Our work shows that the impact of the microbial communities, diversity, and soil enzyme activities on microbial metabolic efficiency.



2. Materials and methods


2.1. Experimental design and sampling campaigns

Sampling campaigns were conducted at the Three Gorges Reservoir (TGR), China. This reservoir is approximately 662.9 km, spanning from Chongqing (west) to Yichang, Hubei (east; Chang et al., 2010). The water level is impounded to 175 m for power generation in the winter and discharged to 145 m for flood control in the summer, forming a unique artificial riparian zone that totals approximately 349 km2 (Yang et al., 2012; Zhu et al., 2022).

The field sampling campaigns were carried out in December 2021. A total of 20 sampling sites were selected in the riparian zone along the TGR (Figure 1), including two sites upstream, eight sites midstream, and 10 sites downstream. Detailed geographic information of the sampling sites is given in Supplementary Table S1. Total 4–5 different portions of riparian zone topsoil (0–20 cm) were collected within 1 m2 using a shovel, and the soil was thoroughly mixed and reduced to 1 kg by quadratic fractionation after removing obvious impurities such as plant roots and stones. Samples were then encapsulated in polyethylene self-sealing bags and placed in low-temperature, sterile containers (so that the internal temperature was maintained between 2 and 6°C) and sent immediately to the laboratory. On arrival at the laboratory, the samples were divided into three parts: those for microbial community characterization were immediately frozen at −80°C, those for soil water content (SWC), MBC, and soil extracellular enzyme activities were stored at 4°C, and those for physicochemical analyses were air-dried and then sieved before use.
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FIGURE 1
 Location of sampling sites in the riparian zone of Three Gorges Reservoir, China.




2.2. Soil properties

The pH of riparian soil was determined by the 1:2.5 (w/v) electrode method. Samples were dried at 105°C for 24 h to determine SWC. Soil total carbon (TC) and total nitrogen (TN) were measured by an elemental analyzer (Vario PYRO Cube, Elementar, Germany). Soil total phosphorus (TP) was analyzed according to the Standards, Measurements, and Testing (SMT) methods (Ruban et al., 2001; Sun et al., 2021; Appendix S1). Three parallel samples were provided for quality control.



2.3. Microbial metabolic efficiency

In this study, microbial metabolic efficiency was defined as an important indicator of microbial anabolism, evaluated with CUE, MBC, τ, and qCO2. Since microorganisms have a preference for different carbon substrates, measuring CUE by labeling the substrate carbon would bias the results (Schwartz, 2007). Based on the results of previous studies, it was shown that more than 90% of the oxygen in the process of DNA synthesis by microbial growth comes from water-oxygen, and the results are reliable (Schwartz, 2007; Li et al., 2016; Spohn et al., 2016a). Therefore, we measured CUE using a substrate carbon-independent 18O-H2O chamber culture method, and simultaneously measured microbial basal respiration and τ (Spohn et al., 2016a; Qu et al., 2020). The CUE was measured as follows: We weighed 6 g of fresh soil in a 150 mL plastic wide-mouth bottle and added a certain amount of ultrapure water to adjust the water content to 60% of the field Water Holding Capacity (WHC), and place it in a pre-culture at 20°C for 24 h. Afterward, six pre-cultured soil samples (0.5 g each) were taken into 50 mL culture flasks with screw caps, three of which were spiked with 100 μL of 18O-H2O (20.0 atom%18O, Campro Scientific, Germany) for labeling experiments and the other with an equal amount of ultrapure water as a natural abundance control. Seal an empty vial at three sample intervals to obtain a control sample of laboratory air at the start of the incubation. The vials were incubated in a constant temperature incubator at 20°C for 48 h. After incubation, 15 mL of gas was extracted from each vial using a syringe with a Luer lock and transferred to an evacuated vacuum bag (0.3 L, HEDE tech, Dalian, China), and timely measurement of CO2 concentration by gas chromatograph (Agilent 8860 GC System, Spanish). Soil respiration rate was quantified as μgCO2-C g−1 dry soil h−1. After the gas samples were taken, the culture flasks were removed and placed in a freeze dryer for the freeze-drying process until DNA extraction. Total soil DNA was extracted using a DNA extraction kit according to the manufacturer’s procedures.1 DNA concentrations were then quantified by Picogreen fluorescence analysis (Quant-iT™ PicoGreen® dsDNA Reagent, Thermo Fisher, Germany) using a microplate spectrophotometer (Infinite® M200, Tecan, Austria). The remaining DNA extracts were then transferred to silver cups, and placed in an oven at 45°C until dry, then the packaged samples were sealed and the 18O isotope abundance and O content were determined using a stable isotope mass spectrometer (Thermo Fisher Scientific, MA, United States). Based on the steady-state assumption, the amount of carbon absorbed by microbial biomass (CUptake) is calculated as follows.
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Where CGrowth is the carbon flux allocated to biomass production (growth) and CRespiration is the carbon flux allocated to CO2 production (respiration).

Microbial CUE is then calculated by the following equation (Manzoni et al., 2012; Sinsabaugh et al., 2013).
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Microbial biomass carbon was determined by the chloroform-fumigation extraction method (Vance et al., 1987; Setia et al., 2012), details of the experimental procedure and the calculation of MBC are given in the Supplementary material (Appendix S2). qCO2 was expressed as μg CO2-C (μg MBC)−1 h−1 (Wardle and Ghani, 1995), and was calculated by the ratio of CRespiration to MBC, referring to the calculation in previous studies (Zheng et al., 2019). τ was calculated by the ratio of MBC to Cgrowth with reference to previous research methods (Spohn et al., 2016a).



2.4. Prediction of soil enzyme activities and nutrient limitation in riparian soil ecosystems

Soil enzyme activities related to carbon [β-1,4-glucosidase (BG), β-xylosidase (BX), cellobiose hydrolase (CBH), and polyphenol oxidase (PPO)], nitrogen [N-acetyl-β-D-glucosaminidase (NAG) and leucine aminopeptidase (LAP)], and phosphorus [acid phosphatase (ACP)] were determined according to the enzyme activity assay kit.2 All enzyme activities were measured by a fluorometric method in 96-well microplates using a multimode microplate reader (Infiniti M200PRO, Switzerland; Marx et al., 2001; Wang et al., 2021). Extracellular enzyme activities were expressed as nmol h−1 g−1 soil.

Furthermore, enzyme activities were normalized by MBC to avoid the variations induced by biomass change. In this study, the enzyme stoichiometric vector model was used to calculate microbial metabolic restriction characteristics (Moorhead et al., 2013, 2016).

Where Length and Angle are, respectively, calculated by equations (3) and (4).

[image: image]

[image: image]

Where x = (BG + CBH)/(BG + CBH + ACP) and y = (BG + CBH)/(BG + CBH + LAP+NAG). A higher Length value indicates relatively higher C vs. nutrient acquisition strategies, and a higher Angle value suggests higher P vs. N acquisition efforts.

Here, the soil enzyme activity index was calculated based on the average of all single enzyme activities measured (Luo et al., 2018), and was used as a general index that could reflect the change in the extracellular enzyme activity of the soil microorganism. Before quantifying this index, all single enzyme activity indices were normalized by Z-scores (Wagg et al., 2014).



2.5. Microbial communities and bioinformatics analysis

Following the manufacturer’s instructions, soil DNA was extracted by using the Powersoil® DNA Isolation Kit (MoBio, CA, United States). Subsequently, primer pairs 338F/806R (Huws et al., 2007) and ITS1F/ITS2R (White, 1990) were used to amplify bacterial 16S rRNA and fungal ITS coding genes. Afterward, the purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China.

All bioinformatics analyses were based on amplicon sequence variants (ASVs; Callahan et al., 2017), using DATA2 denoising to remove any low-quality reads, and then clustering the eligible merged sequences into ASVs (Callahan et al., 2016). In this study, alpha diversity indices [Chao1, Shannon, and phylogenetic diversity (PD)] were calculated according to the 97% ASV similarity of the sequences. Modules are highly connected regions in a network that may reflect the aggregation of phylogenetically closely related species, overlapping niches and the co-evolution of species, and they are considered phylogenetically, evolutionarily, or functionally independent units (Olesen et al., 2007). ASVs with high Spearman correlation coefficients (|r| > 0.8) and statistically significant (p < 0.05) correlations were selected for bacterial and fungal contribution network analysis to identify the major eco-clusters (modules or assemblages) of strongly correlated ASVs (Li H. et al., 2022). The network core node discrimination methods of within-module connectivity (Zi) and among-module connectivity (Pi) have been widely applied, based on this, we used them for inference of network node properties and filtering of key species (Deng et al., 2012). Further bioinformatics analysis is available in the Supplementary material (Appendix S3).



2.6. Other data analysis and statistical tests

The distribution of microbial metabolism-related indicators along the TGR was evaluated using OriginPro 2022 (OriginLab Corporation, MA, United States) in a violin plot. Statistical differences in microbial alpha diversity upstream and downstream were tested by one-way ANOVA. Spearman’s rank correlation analysis was used to assess the relationship between soil microbial carbon metabolism and soil physical–chemical properties and microbial extracellular enzyme activities. It was also used to evaluate the relationship between keystone taxa in the microbial network and key modules in the microbial community. A random forest analysis was performed to determine statistically significant predictors of microbial metabolism efficiency (CUE, MBC, qCO2, and τ) using the rePermute package (Breiman, 2004) in R (version 4.1.3).

The direct and indirect effects of soil physical–chemical properties, microbial alpha diversity, and soil enzyme activities on microbial metabolic efficiency were evaluated by a structural equation model (SEM). The hypothesized path structure was based on the proposition that abiotic drivers can drive microbial metabolic efficiency not only directly, but also indirectly drive it by influencing the biotic factors (Supplementary Figure S1). We infer that: (1) Soil physical and chemical properties can directly affect microbial α diversity, soil enzyme activities, and microbial metabolic efficiency; (2) Microbial α diversity drives soil enzyme activities and microbial metabolic efficiency, and the influence of bacterial and fungal α diversity on them is different; and (3) Soil enzyme activities have direct effect on microbial metabolic efficiency. Due to the strong Spearman correlation between the factors in each group, before constructing the SEM, principal component (PC) analysis was first performed to establish multivariate functional relationships, thereby integrating multiple single variables into one composite variable (Chen et al., 2019). The first component (PC1) explained 70.64–91.34% of the total variance of those four groups, and PC1 was then brought in as a composite variable to the subsequent analysis species to express the group properties of the combination (Supplementary Table S2). Finally, the goodness of fit of the SEM was checked by the χ2 test and the root mean square error of approximation (Chen et al., 2019). Analysis of the structural equation model was performed using AMOS 26.0 (AMOS Development Corporation, Chicago, IL, United States).




3. Results


3.1. Microbial metabolism indicators and resource acquisition traits in riparian soils

The microbial metabolism indicators (including CUE, qCO2, MBC, and τ) along the TGR were showed in Figure 2. Microbial CUE and MBC had a significant increasing trend along the TGR (from the upstream to downstream), and the qCO2 showed an opposite trend, indicating there are higher metabolic efficiency in the downstream of the TGR. There was no significant change in τ (Figure 2). According to the enzyme metric vector model (Supplementary Figure S2), the soil microbial communities were mostly limited by soil phosphorus and partially limited by soil nitrogen along the TGR riparian zone.
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FIGURE 2
 Soil carbon metabolism indicators along the different riparian zones (upstream, midstream and downstream) of TGR. CUE, carbon use efficiency; MBC, microbial biomass carbon; qCO2, metabolic quotient; τ, microbial biomass turnover time. *p < 0.05, **p < 0.01, ***p < 0.001.




3.2. Soil microbial diversity and communities in riparian zones

Overall, the bacterial and fungal alpha diversity (including Chao, Shannon, and PD indices) showed a decreasing trend from upstream to downstream. The fungal alpha diversity showed highly significant differences between upstream and downstream (Chao and PD indices; Figure 3). A total of 15,269 ASVs and 5,469 ASVs were detected for the bacterial and fungal communities, respectively. In the TGR, the Shannon diversity of bacterial communities was higher than that of fungal communities (Supplementary Figure S3).
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FIGURE 3
 The alpha diversity and microbial communities in riparian zones of the TGR. (A) Distribution of alpha diversity (bacteria and fungi) in the riparian zone (upstream, midstream, and downstream). (B) Relative abundance of bacterial communities at the phylum level (upstream, midstream, and downstream); B_Chao, Chao index of bacterial community; F_Chao, Chao index of fungal community. (C) Relative abundance of fungal communities at the phylum level (upstream, midstream, and downstream). *p < 0.05, **p < 0.01, ***p < 0.001.


The abundant bacterial phyla at the community phylum level were Actinobacteriota (25.41%), Proteobacteria (21.65%), Chloroflexi (15.35%), and Acidobacteriota (14.07%; Supplementary Figure S6). The abundant fungal phyla at the community phylum level were Ascomycota (36.6%), unclassified_k_Fungi (23.8%), Basidiomycota (17.7%), and Mortierellomycota (14.8%; Supplementary Figure S6). The proportion of microbial community composition also differed significantly along the different areas of the riparian zone (Supplementary Table S3; Supplementary Figure S3).



3.3. Co-occurrence network analysis

Microbial co-occurrence networks can generally be divided into multiple modules. Soil bacterial and fungal co-occurrence networks were classified into 9 (B_Mod#0–8) and 10 (F_Mod#0–9) major microbial modules, respectively (Figure 4A). Among them, the relative abundance of phylogenetic types belonging to F_Mod#3 was positively correlated with B_Shannon, F_Shannon and B_pd, F_pd. B_Mod#5 consisted mainly of Proteobacteria, Actinobacteriota, and Desulfobacterota (Supplementary Table S8), and the relative abundance of phylogenetic types of this module was positively correlated with bacterial alpha diversity (B_Chao, B_Shannon, and B_pd). In addition, there were significant positive correlations between the relative abundance of B_Mod#8 and soil conductivity (Cond) as well as soil LAP enzyme activity (Figure 4B). By establishing correlation analysis of key assemblies in the microbial network modules with soil enzyme activities and microbial metabolic efficiency, it was found that most taxa in the network modules were positively correlated with qCO2 and nutrient acquisition length (Figure 5; Supplementary Table S8). Chloroflexi in B_Mod#8 showed a relatively strong positive correlation with soil enzyme activities (Supplementary Tables S8, S9). Most taxa in F_Mod#3 showed a significantly positive association with qCO2 and Length, but a negative association with CUE (Figure 5).
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FIGURE 4
 Division of main bacterial and fungal modules and correlation analysis with each index. (A) Diagram of network module division, where modules are divided by different colors, the left is bacterial community and the right is fungal community; (B) Spearman analysis between network modules and factors (physical–chemical properties, alpha diversity, and enzyme activities). (C) Linear fit of dominant species (including bacterial and fungal phylum levels) to microbial metabolism efficiency. *p < 0.05, **p < 0.01, ***p < 0.001.


[image: Figure 5]

FIGURE 5
 Relationships of the keystone genera with metabolic efficiency, microbial physiological traits and soil enzyme activities. F_Mod#3, key fungal assemblies in module#3; B_Mod#4, B_Mod#5, and B_Mod#8 were key bacterial assemblies in module#4, module#5, and module#8. Length, the relative C: nutrient-acquiring traits.


Moreover, correlations between dominant phylum and microbial metabolism effiency were analyzed (Figure 4C; Supplementary Table S5). It was found that bacterial phylum Myxococcota and the fungal phylum unclassified_k_Fungi were positively correlated with MBC significantly, and the bacterial phylum Desulfobacterota, Nitrospirota and the fungal phylum Calcarisporiellomota, Rozellomota had a significantly positive correlation with qCO2 (Figure 4C; Supplementary Table S5). Interestingly, at the key genus level, none of the key genera were significantly correlated with microbial metabolic efficiency, except for the fungal genus unclassified_k_Fungi, which showed a significant positive correlation with MBC (Supplementary Table S4).



3.4. Linking biotic and abiotic factors to microbial metabolic efficiency

Biotic and abiotic factors were linked to indicators of microbial metabolic efficiency by using random forest and correlation analysis (Figure 6). The results showed that soil enzyme activities were significant predictors of CUE, MBC and qCO2 (Figure 6A). Spearman’s correlation (Figure 6B) and redundancy analysis (Supplementary Figure S7B) further indicated that both CUE and MBC showed negative correlations with soil enzyme activities, while qCO2 was highly significantly and positively correlated with them (except for PPO enzyme activity). Furthermore, among the soil abiotic factors, SOC was an important predictor of MBC (Figure 6A; Supplementary Figure S7A).
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FIGURE 6
 Major predictors of microbial metabolic efficiency. (A) Based on the percentage increase in mean squared error (%IncMSE) from the random forest analysis. (B) Spearman correlation analysis of microbial carbon metabolism indicators with selected biotic and abiotic factors. Enzyme/MBC is calculated by normalizing the activity to units/mg MBC and represents the specific enzyme activity. *p < 0.05, **p < 0.01, ***p < 0.001.


In addition, we use structural equation modeling (SEM) to test whether the relationship between them. Overall, the SEM results also revealed that soil enzyme activities had a highly significant negative effect on microbial metabolism efficiency (bacteria, path coefficient = −0.63; fungi, path coefficient = −0.67; Figure 7). Microbial alpha diversity had a weak effect on microbial metabolic efficiency (bacteria, path coefficient = −0.16; fungi, path coefficient = −0.09), mainly by through affecting enzyme activities and thus indirectly affecting microbial metabolic efficiency (Figure 7).
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FIGURE 7
 Effects of soil physicochemical properties, microbial alpha diversity, and soil enzyme activities on microbial metabolic efficiency directly and indirectly. The structural equation models (SEM) was constructed for bacteria and fungi respectively: (A) microbial alpha diversity_Bacteria; (B) microbial alpha diversity_Fungi. Blue solid and gray dotted arrows, respectively, represent positive and negative relationships. The wider the width of the arrow indicates the stronger the correlation. Numbers on arrows are standardized path coefficients. R2 indicates the proportion of variance explained by predictors. *p < 0.05, **p < 0.01, ***p < 0.001. The soil physical and chemical properties, microbial alpha diversity, and microbial metabolism efficiency were represented by the first component of the PCA performed in a multilayer rectangle.





4. Discussion

This study selected 20 representative sampling sites along the TGR to elucidate the change patterns of microbial α-diversity and microbial metabolic efficiency in the riparian soils, and analyzed the driving factors (key taxa, micribial diversity, enzyme activities, and physico-chemcal factors) of the metabolic efficiency patterns using random forest and SEM.


4.1. Microbial metabolic efficiency patterns along the riparian zones of the TGR

With the regular impoundment and discharge of water, the TGR has formed a unique riparian zone with a large area. A riparian zone is an ecological area between aquatic and terrestrial regions, with multiple ecosystem functions, such as biodiversity conservation (Mander et al., 2005), riparian stabilization and non-point sources of pollution interception (Salemi et al., 2012). Current research in the riparian zone of the TGR has focused on the effects of hydrological status on the nutrient dynamics of riparian vegetation in the reservoir area (Chen et al., 2021, 2022), the effects of dry and wet cycles or water level fluctuations on soil aggregates and the response of soil microbial communities to external disturbances (e.g., elevated nitrogen levels, different land use types, hydrological stress, etc.; Nsabimana et al., 2020; Ding et al., 2021; He et al., 2021; Li et al., 2021; Nsabimana et al., 2021).

This study provides the first preliminary exploration of microbial metabolic efficiency alongside the riparian zones of the TGR in the high water-level operation period. It was interesting that soils in the upstream showed the lowest CUE, the highest qCO2, and diversity of soil microorganisms (Figures 2, 3A). This result may be due to the higher nutrient availability in the upstream region, resulting in higher bacterial community alpha diversity (Yang et al., 2019). Theoretically, soil nutrient limitation controls microbial metabolic processes, including influencing microbial metabolic rates and resource use efficiency. In this work, the lowest CUE and highest qCO2 in the upstream is that microorganisms are mainly influenced by carbon limitation (Supplementary Figure S2). There are some publications also showing that the higher carbon limitation results lower CUE in soil ecosystems, additionally, their results showed that qCO2 depended not only on the soil carbon concentration but also on the soil C:N and C:P mol ratios (Spohn and Chodak, 2015; Cui et al., 2021). Soils mainly showed phosphorus-limited characteristics in the midstream riparian zone (Supplementary Figure S2), and phosphorus limitation might probably suppress the soil priming effect (Spohn et al., 2016b), thus resulting a relatively higher CUE.



4.2. Key taxa in bacterial and fungal assemblies driving the microbial metabolic efficiency

Based on patterns of co-occurrence networks, microbial communities can be classified as assemblies with specific combinations of characteristics, providing new insights into the structure and function of complex microbial communities (Ma et al., 2016). Our study established a relationship between the key taxa in the microbial assemblies and metabolic efficiency. F_Mod#3 showed relatively significant positive and negative correlations with qCO2 and CUE, respectively (Figure 5). This is probably because the microbial taxa in F_Mod#3 have slow growth rates (Feng et al., 2021). Among them, the F_Mod#3 module is mainly composed of the dominant phylum Ascomycota (77.78%; Supplementary Table S8), which is mainly saprophytic and parasitic. Ascomycota plays a crucial role in the degradation of various organic substances such as cellulose, cellulose disaccharides and lignin, and the intensity of activity may depend on the expression of the cellobiose dehydrogenase gene (Harreither et al., 2011). It is noteworthy that the genera Aspergillus showed a significantly negative correlation with CUE (Supplementary Table S8). The distribution of Ascomycetes in the topsoil of arid ecosystems has been confirmed (Porras-Alfaro et al., 2017;Challacombe et al., 2019; Zhao et al., 2019). They have an important function in soil stability, plant biomass decomposition and are the main functional group for carbon degradation (Challacombe et al., 2019; Zhao et al., 2019). Among them, Aspergillus has a strong potential function for lignin degradation (mainly phenol oxidase genes) during the succession of biological soil crusts (Zhao et al., 2019). However, the direct association between Ascomycota and CUE has not been determined to date, which may require further analysis (Fierer and Jackson, 2006).

Key species in microbial communities, community interactions, and community assembly processes are significant predictors of microbial metabolism efficiency (Cui et al., 2018; Zheng et al., 2018). Microorganisms of the K-strategy grow slower but are more efficient in resource utilization, usually have a higher CUE and tend to live in nutrient-deficient environments, and many studies consider fungi to be in this category (Soares and Rousk, 2019; Zhong et al., 2020). In contrast, microorganisms with r-strategies are more metabolically efficient, have higher nutrient requirements, and have lower CUE, such as bacteria (Soares and Rousk, 2019; Zhong et al., 2020). Myxococcota showed a significant positive correlation with MBC (Figure 4C). Desulfobacterota, Nitrospirota, Calcarisporiellomycota, and Rozellomycota were all observed to be significantly and positively correlated with qCO2 in this study (Figure 4C). Members of Myxococcota are rare bacterial predators with a unique “wolf-pack hunting” strategy (Petters et al., 2021). It has been confirmed that their metabolism is active in situ in the soil microbial food web (Lueders et al., 2006). Desulfobacterota (formerly Deltaproteobacteria) are mainly mesophilic anaerobes, and members of the class Desulfobacterota are best known for their respiration of sulfate (Waite et al., 2020). Members of Nitrospirota (formerly Nitrospirae or Nitrospira) can oxidize nitrite to nitrate and play an important role in denitrification (Ehrich et al., 2007). They are mainly involved in N cycling processes in the soil, thus indirectly influencing the respiratory metabolic capacity of microorganisms, which partially explains the increase in qCO2 with the enhanced activity of Desulfobacterota and Nitrospirota, while they did not show a significant association with CUE, MBC (Figure 4C).



4.3. Multiple drivers on microbial metabolism efficiency

The relative importance of soil physical–chemical properties, microbial α-diversity, and soil enzyme activities on microbial metabolic efficiency was discerned by constructing an SEM. Here, bacterial α-diversity was found to show a significant positive effect on soil enzyme activities (Figure 7A), which is consistent with the results of the linear relationship of soil enzyme activities (Supplementary Figure S8), and the effect of bacterial α-diversity on soil enzyme activity and microbial metabolic efficiency was stronger than that of fungi (path coefficients of 0.45 > 0.32, |−0.16| > |−0.09|, respectively).

Enzyme activity has a crucial role in the study carbon cycle. Although our study showed a weak and non-significant negative correlation between microbial alpha diversity and microbial metabolism efficiency (bacteria, path coefficient = −0.16; fungi, path coefficient = −0.09. Figure 7), the ratio of bacterial/fungal alpha diversity (e.g., B/F_Chao, B/F_ Shannon, and B/F_pd) was significantly influenced by soil enzyme activity (Supplementary Figure S10). Based on the SEM and RDA, we speculate that microbial alpha diversity can indirectly have a major impact on the metabolic efficiency of microorganisms by significantly influencing enzyme activities (Figure 7; Supplementary Figure S9). In this study, the SEM results were consistent with the random forest results. Microbial enzyme activity was stressed as an important predictor of microbial metabolic efficiency based on the results of random forest results (Figure 6A). The potential extracellular enzyme activity was significantly negatively with CUE and MBC (Figure 6B), supporting the idea of previous studies that the enzyme pool represents a cost hindering growth efficiency (Manzoni et al., 2012; Sinsabaugh et al., 2013; Malik et al., 2019). Prior studies also confirmed that β-glucosidases and ligninases play an essential role in the microbial involvement of soil carbon cycling (Lladó et al., 2017).




5. Conclusion

In summary, as far as we know, this study is the first preliminary exploration of the links among microbial metabolic efficiency, microbial alpha diversity and soil enzyme activities in the riparian zone ecosystem. Microbial alpha diversity showed a strong positive correlation with soil enzyme activities, while soil enzyme activities showed a highly significant negative correlation with microbial metabolic efficiency. Our results demonstrate the crucial role of soil enzyme activities in predicting microbial metabolism efficiency. There may be important implications of this work for changes in the carbon cycling of riparian zone ecosystems in the TGR.
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The excessive input of nutrients into rivers can lead to contamination and eutrophication, which poses a threat to the health of aquatic ecosystems. It is crucial to identify the sources of contaminants to develop effective management plans for eutrophication. However, traditional methods for identifying pollution sources have been insufficient, making it difficult to manage river health effectively. High-throughput sequencing offers a novel method for microbial community source tracking, which can help identify dominant pollution sources in rivers. The Wanggang River was selected for study, as it has suffered accelerated eutrophication due to considerable nutrient input from riparian pollutants. The present study identified the dominant microbial communities in the Wanggang River basin, including Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Firmicutes. The Source Tracker machine-learning classification system was used to create source-specific microbial community fingerprints to determine the primary sources of contaminants in the basin, with agricultural fertilizer being identified as the main pollutant source. By identifying the microbial communities of potential pollution sources, the study determined the contributing pollutant sources in several major sections of the Wanggang River, including industry, urban land, pond culture, and livestock land. These findings can be used to improve the identification of pollution sources in specific environments and develop effective pollution management plans for polluted river water.
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1. Introduction

In recent decades, the issue of urban river pollution has become increasingly prevalent due to swift social, industrial, and commercial development (Sinha et al., 2017). In some regions, insufficient sewage treatment facilities have led to the direct release of untreated household waste, livestock and poultry breeding wastewater, and farmland runoff into rivers, causing severe harm to the water quality of the basin (Bu et al., 2011; Milner et al., 2013). Waterways in densely populated and economically developed areas often exhibit eutrophication, excessive heavy metals, dark coloration, unpleasant odor, and other undesirable conditions caused by various pollutants (Williams et al., 2010; Li et al., 2020; Ma et al., 2020). These adverse effects pose a serious risk to regional ecosystems, human wellbeing, and sustainable development (Xu et al., 2014, 2018). To address these challenges and improve the riverine ecological environment, it is essential to identify the distribution patterns and sources of pollution. This will facilitate the development of effective pollution management plans and enable the implementation of efficient river system governance.

Microorganisms are a critical component of the ecological environment, and their dominant species and population diversity vary across different environments, particularly under pollution stress (Staley et al., 2012; Wang et al., 2020; Zemskaya et al., 2021). With the advent of high-throughput sequencing, microbial tracking technology has evolved from being a fecal bacterial indicator to identifying microbial population diversity (Meays et al., 2004; Boehm et al., 2013; Bauza et al., 2019). Microbial high-throughput sequencing provides higher resolution information than traditional source tracking technology, allowing for the establishment of unique microbial fingerprints for both water pollutant sources and monitoring water samples. SourceTracker, a representative microbial source tracking method, uses the Bayesian method to allocate the detected sample sequence to different source environments (Knights et al., 2011). Staley et al. (2018) used the double-blind method to test mixed samples from different pollution sources and verified the accuracy of SourceTracker, which correctly identified 31 pollution sources out of 34 mixtures. Other studies have tentatively identified the main source of phosphorus in Dongting Lake using SourceTracker, based on the significant relationships between the lake sediments, the phosphorus concentration, and the microbial community (Zhang et al., 2019; Gu et al., 2020). The microbial tracking method solves issues of low sample discrimination, single tracking markers, and the inability to accurately distinguish pollution sources within a large watershed that arise with traditional source tracking methods (Kircher and Kelso, 2010; Zhang et al., 2019). While the SourceTracker method has been widely used to track the source of fecal bacteria, antibiotic resistance genes, and sediments, it has been relatively underused for identifying pollution sources in the river and lake systems (Ibarbalz et al., 2013; Zhang et al., 2021).

This study aimed to use SourceTracker to identify the sources of microbial diversity in the Wanggang River by analyzing the contributions of industry, urban land, pond culture, and livestock lands. We combined data from the Bayesian mass balance model for microbial detection with the characteristics and distribution of pollution sources to improve the accuracy of pollution source tracing. The Wanggang River, located in eastern Jiangsu province, has a dense network of water connecting to the sea and suffers from severe eutrophication due to different land uses on both banks. The findings will help to develop more targeted and efficient pollution control strategies not only for the Wanggang River but also for other rivers and sub-basins in the future.



2. Materials and methods


2.1. Sampling locations

A total of eight sample sites were selected according to landform characteristics, hydrographic laws, and the type of pollution in the Wanggang River. The river was divided into upstream (L1–L4) and downstream (L5–L8) sections, with the boundary set at relatively densely populated towns. The sampling was conducted in May 2021, during clear weather and with no precipitation in the study area for 7 days. The distribution of sampling is presented in Figure 1. Water samples were collected in triplicate from just below the surface using a plexiglass water sampler and then homogenized. A total of five types of potential pollution sources were sampled in the Wanggang River basin, including livestock land (BS), ponds used for culture (AS), industry (FS), farmland (WS), and urban land (DS). We randomly collected and mixed multiple samples of each potential pollution source from more than three points along the river. Each sample was stored in a 1 L brown wide-mouth bottle, transported on ice to the laboratory, and kept at 4°C for further analysis.


[image: Figure 1]
FIGURE 1
 Sampling locations in the Wanggang River.




2.2. DNA extraction and sequencing analysis

To obtain DNA, 500 ml of samples were filtered onto separate 0.22 mm cellulose acetate filters. The FastDNA Spin kit was used to extract DNA from the samples, following the manufacturer's instructions. The extracted DNA was subsequently submitted for PCR, amplifying the V3–V4 region of 16S rRNA genes using specific primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and then sequenced on the Illumina MiSeq PE250 platform (Illumina, San Diego, CA). After data processing and quality filtering, the UCLUST algorithm was used to assign operational taxonomic units (OTUs) based on 97% identification and compared with the Silva v128 reference database using the PyNAST alignment algorithm. The 16S rRNA gene copy number was normalized using a normalized OTU table. Taxonomic assignments were conducted against the RDP Classifier v2.2 with an 80% threshold.



2.3. Statistical analysis

Statistical analyses were conducted using QIIME v1.9.0.40, SPSS v23.0, and R Studio. Alpha diversity was determined using the Chao1 index, the Shannon diversity index, and the Simpson diversity index based on the OTU analysis, with Chao1 measuring species richness and the Simpson and Shannon indices measuring diversity. The Bray–Curtis dissimilarity matrix was used to calculate non-metric multidimensional scaling (NMDS) and explore and visualize the variability of the microbial community structure.



2.4. SourceTracker analysis

SourceTracker is a Bayesian algorithm that uses Gibbs sampling to calculate a joint probability distribution based on the microbial community structure in samples as a variable, without relying on specific indicator bacteria as a traceable target (Staley et al., 2018). The R script setting of SourceTracker was used to analyze the source of a contaminating microbial community and establish a source library of potential contamination (industry, urban land, pond culture, livestock land, and farmland) along with their respective microbial communities. The sampling locations L1–L8 were considered pollution sink sites, while FS, DS, AS, BS, and WS were considered pollution source sites for the Wanggang River.

The OTU tables were obtained through quality filtering, and selected OTUs were used as input files. SourceTracker analysis was conducted using default settings with a rarefaction depth of 1,000, burn-in (100), restart (10), alpha (0.001), and beta (0.01), as this has been previously demonstrated to yield high sensitivity, specificity, accuracy, and precision (Henry et al., 2016). For each source, the data were subjected to five independent operations using quadratic calculation methods, and the results were averaged to prevent potential false positive predictions. The relative standard deviation (RSD) was then calculated by dividing the mean predicted proportion by the standard deviation, providing an estimate of the confidence in the mean predicted source proportion and the variance between different models (Zhang et al., 2019).




3. Results and discussion


3.1. Variance in a river microbial community

The study investigated the variation in microbial diversity by analyzing differences in diversity indices between upstream and downstream locations in the Wanggang River (Figure 2). The results indicated that microbial community richness (Chao 1) and diversity (Shannon index and Simpson index) were higher in the upstream water bodies than in the downstream locations. A t-test analysis revealed significant differences (P < 0.05) in Chao 1 between upstream and downstream locations. These findings suggest that microbial communities in the upstream locations are richer and more diverse than those in the downstream areas, possibly due to greater pollution levels in the upstream source, which may harbor a larger variety of microorganisms. The decrease in diversity indices from upstream to downstream could be attributed to the migration and transformation of microorganisms within the river ecosystem (Gu et al., 2020).


[image: Figure 2]
FIGURE 2
 Microbial diversity in upstream and downstream locations (n = 24), (A) Chao 1 index; (B) Simpson index; and (C) Shannon index.


Among all samples, Proteobacteria was the most prevalent phylum in all samples, accounting for 41.30–63.64% of the bacterial population (Figure 3A). Proteobacteria play a variety of biogeochemical processes in lakes and other aquatic ecosystems (Zhang et al., 2015). In the Wanggang River, the most common types were γ-Proteobacteria (average 37.53%) and α-Proteobacteria (average 12.30%). Other dominant phyla included Actinobacteria (average 16.85%), Bacteroidetes (average 15.43%), Cyanobacteria (average 6.60%), Verrucomicrobia (average 3.82%), and Firmicutes (average 1.40%). Bacteroidetes are crucial to the breakdown of complex molecules in fresh water, including cellulose and chitin (Ma et al., 2021). In addition, certain dominant phyla (accounting for >1% of the population) were prevalent at specific sites, such as Acidobacteria observed at L1 and L3; Gemmatimonadetes at L1, L2, and L4; and Planctomycetes at L1, L3, and L5, a phylum strongly associated with total nitrogen content (Hempel et al., 2008). The Kruskal–Wallis test analysis showed that the abundance of Proteobacteria, Acidobacteriota, Cyanobacteria, Gemmatimonadota, and other bacteria was significantly higher in the upstream water bodies than in the downstream water bodies (P < 0.05), which was comparable with the microbial diversity index evaluation. Furthermore, only 2.3% of the sequences from the eight sample sites were unable to be classified at the phylum level and were therefore designated as “unclassified bacteria.” These findings demonstrate the high accuracy of our high-throughput sequencing, as the vast majority of sequence results were successfully classified.


[image: Figure 3]
FIGURE 3
 The microbial community structure, (A) at the phylum level, (B) at the genus level.


At the family level, 232 families were identified in the bacterial communities from the eight sample sites, with 46 of them having a relative abundance >1% (Figure 3B). Of these, four dominant families, with an average abundance of more than 5%, were identified as Sporichthyaceae (average 10.62%), Moraxellaceae (average 9.38%), Comamonadaceae (average 7.62%), and Flavobacteriaceae (average 5.16%). Moraxellaceae is a gram-negative, non-fermentative, aerobic, or facultative anaerobic bacterium. It is worth noting that the abundance of Moraxellaceae was significantly higher in downstream locations, which may be attributed to the discharge of wastewater from sites of pond culture that are distributed downstream.



3.2. Potential pollution sources and their microbial characteristics

The pollution source samples were analyzed through high-throughput sequencing and biological information analysis at the phylum level, and dominant strains with average abundance (>1%) were selected (Figure 4). By examining the microbial diversity of the different pollution sources, the sources were preliminarily characterized. For instance, livestock wastewater had a higher abundance of Bacteroidetes than Firmicutes and Spirochaetes. Campylobacterota and Proteobacteria were enriched in domestic sewage. Previous studies have shown the seasonal variation of Campylobacter in sewage (Jones et al., 1990). Farmland wastewater had a wide presence of Proteobacteria, Firmicutes, and Chloroflexi, a group of bacteria that produce energy through photosynthesis (Chang et al., 2021).


[image: Figure 4]
FIGURE 4
 The microbial community structure at the phylum level for potential pollution sources (FS, industry; DS, urban land; AS, culture ponds; BS, livestock; WS, farmland).


The study conducted by Hartmann et al. (2014) also focused on tracking shifts in soil and water microbial communities after a simulated manure application, and their findings were comparable to ours. We found that Proteobacteria and Actinobacteria were the dominant bacteria in industrial sources of pollutants. Alphaproteobacteria were widely found in industrial wastewater treatment plants and were involved in the degradation of halogenated benzoic acid, a key intermediate in dye production (Caroline et al., 2005). Actinobacteria were heterotrophic bacteria that thrived in organic-rich water bodies (Zhang et al., 2015). Finally, our study revealed that Proteobacteria and Firmicutes were the most abundant bacteria in samples collected from pond culture. Although previous studies have found antibiotic residues in aquaculture wastewater, the abundance of antibiotic-resistant Planctomycetes was low in our study.

By utilizing non-metric multidimensional scaling analysis and similarity analysis based on the Bray–Curtis dissimilarity matrix, the beta diversity of bacterial communities in the Wanggang River was compared. The microbial communities from the pollution source were significantly different and highly dispersed (Figure 5), while those from the river samples were clustered together. This result is a consequence of the natural environment and human activity. Pollution sources determine microbial communities, but in natural systems, such as rivers, hydrodynamics constantly homogenize the communities. As a result, the river water samples are clustered together. The observed significant differences in microbial community structure and diversity among source samples support the feasibility and accuracy of the SourceTracker model for pollutant tracing (Figure 6).


[image: Figure 5]
FIGURE 5
 The non-metric multidimensional scaling analysis (NMDS) of bacterial community composition based on the Bray–Curtis dissimilarity matrix (FS, industry; DS, urban land; AS, culture ponds; BS, livestock; WS, farmland).
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FIGURE 6
 Contribution of pollution sources, (A) Average contribution of different pollution sources to the Wanggang River and (B) the contribution of different pollution sources at each sampling location.




3.3. Main sources of water pollution in the Wanggang River

The contribution of the sources in several major regions of the Wanggang River was determined by identifying the microbial communities of potential pollution sources. The average contribution of pollution sources to each river sampling site of the Wanggang River is shown in Figure 6A. In general, farmland water has the greatest impact on the Wanggang River basin, accounting for 37.3%, followed by pond culture water accounting for 21.6%. The contribution of urban domestic sewage, livestock, and industrial pollution is <10% to the Wanggang River pollution. Aquaculture contributed significantly to water pollution in the upstream location, with the average contribution in the four sites in the upper region reaching 43%. We also found only a minor amount of pollution from domestic sewage only at L3 and L4 in the upper regions. In the downstream, a small amount of industrial pollution was observed at L5 and L8. At L5 and L6, the contribution of pollution from livestock lands was found to account for 30%, while the contribution of farmland wastewater in L7 and L8 was identified to be 67%.

Farmland water was the primary contributor to pollution in the Wanggang River, likely due to the significant number of farms situated along the river (Ma et al., 2022). Domestic sewage had a minimal impact on pollution, as it is mostly piped away from the river, resulting in low levels of untreated sewage in natural water bodies. Industrial pollution was also relatively low, although some wastewater discharge from textile factories may affect water quality. In the upstream locations, aquaculture contributed significantly to pollution, possibly due to the distribution of pond culture sites. Unknown sources contributed an estimated 8.67% to 43.00% of the bacterial community, indicating that some of the potential pollutants were not studied or included in this research.

This study employs SourceTracker, a machine learning-based tool, to investigate the distribution of microbial communities in a river system and trace sources of pollutants in the complex source condition. In this study, microbial tracking technology can use host-specific or host-related indicators to identify the sources and contributions of human and non-human pollution sources (Knights et al., 2011; Gu et al., 2020). However, this technology has limitations, including the potential for identification inaccuracies if sample selection is insufficient and the need for further optimization in setting program parameters (Zhang et al., 2019). In addition, some scholars argue that microbial-oriented SourceTracker is limited in its ability to analyze pollution sources beyond domestic sewage and livestock wastewater (Bauza et al., 2019). To comprehensively and accurately identify pollution sources in complex water bodies, combining multiple tracking methods and approaches is a promising research direction for the future. By utilizing the respective advantages of different tracking methods and analyzing sources from multiple perspectives, we can improve source identification accuracy.




4. Conclusion

In this study, microbial tracking was utilized to identify the primary pollution sources (industry, urban land, pond culture, livestock land, and farmland)and determine their respective contributions to pollution in the Wanggang River. The study aimed to improve source tracking accuracy in a water system with high pollution levels and complex pollution sources. The results of the study can help river water managers to evaluate water ecology and environmental risks at regional and watershed scales and to develop effective management plans to mitigate pollution and its negative impacts.
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The microbial community plays an important role in the biogeochemical cycles in water aquatic ecosystems, and it is regulated by environmental variables. However, the relationships between microbial keystone taxa and water variables, which play a pivotal role in aquatic ecosystems, has not been clarified in detail. We analyzed the seasonal variation in microbial communities and co-occurrence network in the representative areas taking Lake Dongqian as an example. Both pro- and eukaryotic community compositions were more affected by seasons than by sites, and the prokaryotes were more strongly impacted by seasons than the eukaryotes. Total nitrogen, pH, temperature, chemical oxygen demand, dissolved oxygen and chlorophyll a significantly affected the prokaryotic community, while the eukaryotic community was significantly influenced by total nitrogen, ammonia, pH, temperature and dissolved oxygen. The eukaryotic network was more complex than that of prokaryotes, whereas the number of eukaryotic keystone taxa was less than that of prokaryotes. The prokaryotic keystone taxa belonged mainly to Alphaproteobacteria, Betaproteobacteria, Actinobacteria and Bacteroidetes. It is noteworthy that some of the keystone taxa involved in nitrogen cycling are significantly related to total nitrogen, ammonia, temperature and chlorophyll a, including Polaromonas, Albidiferax, SM1A02 and Leptolyngbya so on. And the eukaryotic keystone taxa were found in Ascomycota, Choanoflagellida and Heterophryidae. The mutualistic pattern between pro- and eukaryotes was more evident than the competitive pattern. Therefore, it suggests that keystone taxa could be as bio-indicators of aquatic ecosystems.
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1. Introduction

By adjusting and maintaining the ecological balance in aquatic ecosystems, microorganisms play an indispensable role in the self-purification of waterbodies and could therefore be considered pivotal indicators of the quality of these ecosystems (Hou et al., 2013; Piccini and García-Alonso, 2015; Ma et al., 2018). Changes in the microbial community may have impacts on water quality, such as causing algal blooms and stinking sewers. Environmental factors shape the diversity and composition of microbial communities, which may shift due to spatial–temporal changes in aquatic ecosystems (Mucha et al., 2004; Celussi and Cataletto, 2007; Shu and Gin, 2010; Sun et al., 2014; Jiang et al., 2021). Seasonal temperature changes can be an important factor leading to variations in microbial communities (Liu et al., 2013; Zhu et al., 2019). The spatial–temporal distribution of water properties also has an fundamental influence on microbial communities (Sun et al., 2014; Jiang et al., 2021). Microbial community structure and functions are significantly related to pH in the presence of a surplus of nitrogen in aquatic ecosystems (Joshi et al., 2017). Water eutrophication caused by excess nitrogen and phosphorus lead to an explosion of algae and the consumption of dissolved oxygen (DO; Massey et al., 2020). Chemical oxygen demand (CODMn) and chlorophyll a (Chl a) are decisive indicators of algal blooms and oxidizable organic pollutants (Massey et al., 2020; Zhang et al., 2020), while Chl a and microbial abundance vary seasonally (Li et al., 2017). The significant differences in total nitrogen (TN) and total phosphorus (TP) were found between different regions of a river in a previous study, distinctive effects of TN, DO and Chl a on pro- and eukaryotes were also observed in different seasons (Sun et al., 2014). Plankton blooms, including those of cyanobacteria, break out more frequently in warmer spring and summer months than in cooler autumn and winter months (Li et al., 2017; Jiang et al., 2021). Hence, knowledge of the spatial–temporal distribution of microbial communities and water properties will help to predict the quality of aquatic ecosystems (Sun et al., 2014; Jiang et al., 2021).

Some special microbial taxa that dominate nutrient cycles and energy transfers in aquatic ecosystems are highly sensitive to environmental changes, and they are usually may be used as bio-indicators to assess environmental variations in the water quality of rivers and lakes (Azam and Malfatti, 2007; Zeglin, 2015; Guo et al., 2016; Wang et al., 2017; Yang et al., 2019). Microscopic counting has also been applied to determine plankton numbers in the Finnish boreal lakes and Calabar River in Nigeria to screen indicator taxa in those aquatic ecosystems (Lepistö et al., 2004; Uttah et al., 2010). Recently, microbial taxa identified by high-throughput sequencing were used as bio-indicators based on their distinctive responses to disturbance by anthropogenic activities of the Songhua River in China (Yang et al., 2019). However, the identification of bio-indicators in these waterbodies was mainly based on microbial biomass, morphology and abundances. Recent studies have shown that microbial interactions may provide reliable key information on changes for environmental quality, as the reactivity and diversity characteristics of microbial interactions are susceptible to environmental variables (Karimi et al., 2017; Yang et al., 2019). Microbial communities form complex relationships through multiple interactions, so microbial co-occurrence networks can potentially be used to infer coexistence patterns of microbial taxa and thereby to identify keystone taxa in ecosystems (Banerjee et al., 2018; Shi et al., 2020). Microbial keystone taxa have been found to play critical roles in anti-interference in ecosystems and to be involved in traits and functions related to various ecological processes, such as nutrient cycling and carbon degradation (Jiang et al., 2016; Banerjee et al., 2018; Shi et al., 2020). Analyzing the relationship between keystone taxa and environmental factors is a primary method to interpret the interrelations between key biotic and abiotic factors in the ecosystem (Shi et al., 2020; Xu et al., 2021). In terrestrial ecosystems, keystone taxa are significantly influenced by pH and TP, and these environmental factors maintain and regulate functional stability by changing the relative abundances of keystone taxa (Shi et al., 2020; Xu et al., 2021). Similarly, keystone taxa might also be crucial for stability in aquatic ecosystems (Shade and Gilbert, 2015; Xue et al., 2018), and could therefore also be important bio-indicators for water quality. Occasional studies have found relationships between keystone taxa and environmental factors, which are expected to have potential as bio-indicators in aquatic ecosystems. However, the use of keystone taxa as bio-indicators in aquatic ecosystems has not been studied before.

Lake Dongqian, being the typical subtropical freshwater lake, it has been listed as a pilot and model for ecological and environmental lake protection in China due to its great economic and social importance (Jing et al., 2013). Given the ecological importance of microorganisms, taking Lake Dongqian as an example, the temporal–spatial distribution of the community composition of prokaryotes and eukaryotes were analyzed. And define water properties that significantly influence prokaryotic and eukaryotic communities. Besides, the keystone taxa could be used as bio-indicators of water quality were elucidated. It provides a reliable reference for studying the bio-indicators in other lake ecological environment.



2. Materials and methods


2.1. Study area description and water sample collection

Lake Dongqian (29°46′ N, 121°39′ E), the largest freshwater lake in Zhejiang Province, is located in the subtropical region of the eastern coastal zone of China (Figure 1). It has a mean depth of 2.2 m, a surface area of 19.91 km2, and a water volume of 44.29 million m3, and its annual average temperature, frostless period, and precipitation are 15.4 °C, 239 d, and 1,421 mm, respectively (Jing et al., 2013). After conducting long-term fixed-point observations on different monitoring sample plots in Lake Dongqian, five representative water sampling sites were selected. Geographic information on the water sampling sites is presented in Supplementary Table S1; Figure 1. Site 1 was located in the north of the lake, Site 2 was situated in the center of the lake, Site 3 was located in the western area of the lake, Site 4 was positioned in the south of the lake, and Site 5 was situated in the eastern area of the lake. Samples were collected in four seasons, i.e., spring (April), summer (July), autumn (September) and winter (January).
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FIGURE 1
 Sampling sites at Lake Dongqian near the city of Ningbo, Zhejiang Province, China.


In total, 20 water samples were collected from the five sites in each of the four seasons. For each sample, 1.5 L was collected from a depth of 30 cm under the water surface using a sterilized water sampler (Zhang et al., 2015) and subsequently split into two parts. The first part (0.5 L) was stored in an ice box and quickly transported to the laboratory for DNA analyses, and the second part (1.0 L) was taken to the laboratory within two hours for determination of water properties.



2.2. Water property determination

The pH, temperature (Temp), total dissolved solids (TDS), and dissolved oxygen (DO) of the water samples were determined in situ by a portable meter (Hach Company, Loveland, CO, United States). Total nitrogen (TN), ammonia (NH4+), total phosphate (TP), chemical oxygen demand (CODMn) and chlorophyll a (Chl a) were determined in the laboratory as described previously (Sun et al., 2014; Wang L. et al., 2015).



2.3. DNA extraction and qPCR assay

The 0.5 l water samples were filtered through 0.22 μm pore-sized filters (47 mm diameter, Durapore GVWP, Millipore) to collect all microorganisms and then stored at −80 °C for DNA extraction. DNA extraction was performed as described previously (Zhang et al., 2015) using the Fast DNA® Spin Kit for Soil (MP Biomedicals, LLC, Illkirch, France). The total DNA obtained was collected in 50 μL of DES solution (Qbiogene, Vista, CA, United States), and its concentration and purity were determined with a Nanodrop spectrophotometer.

qPCRs were performed for the 16S rRNA and 18S rRNA genes according to the method described previously (Zhang and Laanbroek, 2020). All samples were analyzed in triplicate. The qPCR conditions are listed in Supplementary Table S2. The primer set for amplification of the 16S rRNA gene was 338F/806R (Zhang and Laanbroek, 2020), and the primer set for amplification of the 18S rRNA gene was 817F/1196R (Zhang and Laanbroek, 2020). The obtained amplification efficiency was between 95 and 103%, the R2 value was between 0.99–1.00, and the slope ranged from −3.0 to −3.4. A negative control with no template DNA was included in the qPCR assay. Product specificity was confirmed by melting curve analysis and visualization in 1.0% agarose gels. No significant inhibitors were found in the DNA extract.



2.4. High-throughput sequencing and sequence analysis

For the amplification and sequencing methods of the 16S rRNA and 18S rRNA genes, we referred to previously published studies on water microbes (Jiang et al., 2021). All samples were analyzed in triplicate. The primer sets for the 16S rRNA and 18S rRNA genes were 338F/806R (Zhang and Laanbroek, 2020) and 817F/1196R (Zhang and Laanbroek, 2020), respectively, both with attached barcode sequences (Gupta et al., 2019). The PCR conditions are listed in Supplementary Table S2. Sequencing was carried out by Shanghai Majorbio Bio-pharm Technology (Shanghai, China) using an Illumina MiSeq PE300 platform (Illumina, United States).

Sequence analysis was performed with the free online Majorbio I-Sanger cloud platform.1 For the 20 water samples, Trimmomatic was used to identify and remove chimeric sequences, and FLASH was then used for sequence splicing (Zhang and Laanbroek, 2020). Then, the optimized sequences were clustered into operational taxonomic units (OTUs) with similarities of 97% or greater using UPARSE 7.1 (Liu et al., 2015). A valid sequence alignment was performed in the SILVA (Release138 http://www.arb-silva.de) database, and OTUs were subsequently identified to the phylum, class, order, family and genus levels using the Ribosomal Database Project with the Bayesian classifier at a 70% threshold (Jiang et al., 2021). The Mothur software package was used to determine the alpha diversity indices of the microbial communities, including the Ace, Chao1, Shannon, Simpson and coverage indices. The overlap in OTUs in the different water samples was analyzed using the VennDiagram package (Xue et al., 2018). Principal coordinates analysis (PCoA) created by QIIME 1.7.0 was combined with permutational multivariate analyses of variance (PERMANOVA) to test for microbial dissimilarities between the different seasons (Zhang and Laanbroek, 2020). The relationship between microbial community structures and water properties was shown by redundancy analysis (RDA) offered by the Canoco 4.5 software package (Yang et al., 2019). To detect significantly different microbial taxa between the four seasons, a linear discriminant analysis (LDA) effect size (LEfSe) threshold score of 4.0 and a significant α of 0.05 were applied to detect distinctive microbial taxa with a comparison of all-against-all styles (Zhang and Laanbroek, 2020).



2.5. Microbial network analysis

Four seasonal co-occurrence networks of pro- and eukaryotic genera based on Pearson correlations were constructed online using the Molecular Ecological Network Analyses Pipeline (MENAP; Deng et al., 2012). To demonstrate that the constructed co-occurrence networks were non-random, random networks that were constructed using appropriate thresholds calculated by random matrix theory, served as controls (Deng et al., 2012). The within-module connectivity (Zi) and among-module connectivity (Pi) and other network topological properties in co-occurring networks used to identify peripherals, connectors, module hubs and network hubs were derived from MENAP online analysis (Deng et al., 2012). The correlation network was analyzed by the vegan and igraph packages in R version 4.2.0,2 while a Spearman’s correlation coefficient (ρ) larger than 0.6 was assumed to be statistically significant (p value <0.05; Barberán et al., 2012).



2.6. Statistical analysis

Principal component analysis (PCA) was used to analyze the changes in water properties at different sites in the four seasons with the PAST ver.2.17c software package (Zhang et al., 2015). Spearman rank-order analysis (2-tailed) of IBM SPSS Statistics 24 software was used to analyze the correlation between water properties. Chord diagrams of the associations of microbial taxa with different seasons were drawn using the ggplot2 and circlize packages of R version 4.2.0 (see text footnote 2) (Zhao et al., 2022). Gephi software was used to generate the layout and visualization of all networks (Zhou et al., 2020).




3. Results


3.1. Water properties

Water properties in Lake Dongqian varied with seasons and locations (Supplementary Table S3). PCA was performed on water properties, and the first two principal components explained 93.04% of the total variance between the samples (Figure 2). The sites in spring and winter showed higher values for pH, TN, NH4+, TP, DO, and TDS, while the sites in summer and autumn displayed higher values for Temp, CODMn, and Chl a. The water properties in spring were more similar between the sites than in the other seasons, while the differences in the water properties between the sites in autumn and winter were larger than those in spring and summer. The results of Spearman rank-order correlation analyses showed several significant correlations. Temp was positively correlated with Chl a and negatively correlated with TN, NH4+ and DO. pH was positively correlated with TDS and negatively correlated with DO. TN was positively correlated with NH4+ and negatively correlated with CODMn. TP and DO were negatively correlated with CODMn and Chl a, respectively (Supplementary Figure S1).
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FIGURE 2
 Biplot of the results of a principal-component analysis (PCA) on water properties obtained in four seasons at five different water sampling sites in Lake Dongqian. Sp, Su, Au, and Wi represent spring, summer, autumn and winter, respectively, whereas Sp1-Sp5, Su1-Su5, Au1-Au5, and Wi1-Wi5 represent samples collected at the different sampling sites in spring, summer, autumn and winter, respectively.




3.2. Abundance and α-diversity of microorganisms

The abundances of the 16S and 18S rRNA genes varied with season and site (Table 1). For the prokaryotes, clear differences in abundance were observed between different sites in spring, while these differences gradually decreased from spring to summer, autumn and winter. Contrary to the prokaryotes, the difference in the abundance of eukaryotes between different sites became gradually larger over time from spring to winte. The abundance of the 18S rRNA gene was higher than that of the 16S rRNA gene in all seasons except summer, especially in autumn, the abundance of 16S rRNA gene was significantly higher than 18S rRNA gene (Supplementary Table S4).



TABLE 1 Genes abundance in Lake Dongqian in spring, summer, autumn, and winter.
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The coverage of the 16S and 18S rRNA genes was greater than 99%, indicating that the sequencing depth covered most of the microorganisms. The Shannon, Ace and Chao1, but not Simpson, indices of prokaryotes in the different seasons were significantly higher than those of eukaryotes, indicating that the diversity and richness of the prokaryotes were higher than those of the eukaryotes (Figure 3; Supplementary Table S4).

[image: Figure 3]

FIGURE 3
 Violin plot of the microbial α-diversity indices in Lake Dongqian at four seasons. Sp, Su, Au and Wi represent spring, summer, autumn and winter, respectively. S1, S2, S3, S4 and S5 represent the five sampling sites.




3.3. Community compositions of pro- and eukaryotes

A total of 1,599 different OTUs of the 16S rRNA gene were found across all samples. The number of shared OTUs in all seasons was 436 (27.3%; Figure 4A), while the number of shared OTUs at all sampling locations reached 935 (58.5%; Figure 4B). A total of 616 different OTUs of the 18S rRNA gene were found in all samples; 162 (26.3%) were shared by all seasons (Figure 4C), while the number of shared OTUs at all sampling locations reached 288 (46.8%; Figure 4D). Therefore, the contribution of seasons to the distribution of pro- and eukaryotic taxa was higher than that of sampling locations. For the prokaryotes, the phylum Actinobacteria was dominant in the summer and autumn samples, while the dominant phyla in spring and winter were more variable at the different sites (Supplementary Figure S2). In spring, Proteobacteria (in samples Sp1 and Sp2), Cyanobacteria (in samples Sp3 and Sp4) and Actinobacteria (in sample Sp5) were the dominant phyla. In winter, the phylum Actinobacteria was dominant in samples Wi1 and Wi2, while the phylum Proteobacteria was most prominent in samples Wi3, Wi4 and Wi5. Betaproteobacteria was significantly more abundant in winter than in the other seasons. For the eukaryotes, the phyla Ciliophora (in samples Sp1, Sp4 and Sp5), P1-31 (in sample Sp3) and Kathablepharidae (in sample Sp2) were dominant at the different sites in spring (Supplementary Figure S2). In summer, Chytridiomycota was the dominant phylum in samples Su1, Su2 and Su3, while P1-31 and Choanoflagellida were more prominent in samples Su4 and Su5, respectively. The phylum Cryptomonadales was dominant in autumn and in samples Wi1, Wi2 and Wi3 in winter. The relative abundance of Ciliophora in samples Wi4 and Wi5 surpassed that of Cryptomonadales in winter.
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FIGURE 4
 Venn diagrams of the OTU distribution of prokaryotes (A,B) and eukaryotes (C,D) for seasons (A,C) and sampling sites (B,D). Sp, Su, Au, and Wi represent spring, summer, autumn and winter, respectively. S1, S2, S3, S4, and S5 represent the five sampling sites.


PERMANOVA showed that both prokaryotic (R2 = 0.8737, p = 0.001) and eukaryotic (R2 = 0.8273, p = 0.001) community compositions were significantly affected by season. For the prokaryotes, the first two axes of the PCoA explained 54.61% of the variance (Figure 5A). The composition of the prokaryotic communities at the different sampling sites was most similar in summer and autumn. Compared to summer and autumn, the prokaryotic community varied greatly between the sites in spring and winter. For the eukaryotes, the first two axes of a PCoA together explained 61.49% of the total variance (Figure 5B). The composition of the eukaryotic community was also most similar in summer and autumn. The composition of the eukaryotic community in spring and winter was most different. Overall, the seasonal variations in pro- and eukaryotic communities were larger than the spatial variations.
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FIGURE 5
 Biplot of the results of a principal co-ordinates analysis (PCoA) of OTUs based on the 16S rRNA gene (A) and 18S rRNA gene (B) detected in four seasons at different sampling sites at Lake Dongqian. Sp, Su, Au, and Wi represent spring, summer, autumn and winter, respectively, and Sp1-Sp5, Su1-Su5, Au1-Au5, and Wi1-Wi5 represent samples collected at the different sampling sites in spring, summer, autumn and winter, respectively.


Distinctive pro- and eukaryotic taxa appeared in the different seasons, as shown in the cladograms (Supplementary Figures S4A,B, S5A,B). LDA scores of 4.0 or greater were confirmed by LEfSe (Supplementary Tables S5A,B, S6A,B). The relative numbers of distinctive prokaryotic taxa were largest in winter, accounting for 42.31% of the total number of distinctive prokaryotic taxa, whereas the relative numbers were lowest in summer, accounting for only 11.54% of the total number of distinctive prokaryotic taxa. The relative numbers of distinctive eukaryotic taxa were largest in spring and summer, accounting for 30.77% of the total distinctive eukaryotic taxa. With 15.38% of the total distinctive eukaryotic taxa, winter had the lowest relative number of distinctive eukaryotic taxa.



3.4. Network analysis of microbial communities and keystone taxa

Based on all high-throughput data collected throughout the year, a co-occurrence network of pro- and eukaryotic communities was constructed at the genus level (Figures 6A,B). The obtained values for the harmonic geodesic distance (HD), the average clustering coefficient (avgCC) and the modularity of both pro- and eukaryotic networks were higher than those obtained with corresponding random networks constructed with the same number of nodes, which indicates that the networks were non-random (Table 2). The average connectivity (avgK), avgCC and modularity of prokaryotic networks were smaller than those of eukaryotic networks, while HD was longer for prokaryotes, indicating that prokaryotic networks were less complex and stable than eukaryotic networks. In the prokaryotic networks, the positive interactions between nodes were stronger than the negative interactions, whereas the opposite was true in the eukaryotic networks (Table 2; Figures 6A,B). Correlation networks were used to analyze the coexistence patterns of pro- and eukaryotes in the different seasons (Supplementary Figure S6). In spring, there were 603 positive and 65 negative links in the pro- and eukaryotic correlation networks, 559 positive and 101 negative links in summer, 364 positive and 88 negative links in autumn, and 712 positive and 108 negative links in winter. Hence, based on the total number of links, the relationship between pro- and eukaryotic taxa was strongest in winter and weakest in autumn. In addition, based on the ratio between positive and negative links, the mutualistic relationship between pro- and eukaryotic taxa was more obvious than the competitive relationship in all seasons.
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FIGURE 6
 Positive (A) and negative (B) co-occurrence networks of prokaryotic and eukaryotic communities (at the genus level) in Lake Dongqian throughout the year. Each node signifies a genus, colors of the nodes indicate different phyla; phyla with relative abundance <1% are merged and presented as others and shown in gray. The size of each node is proportional to the number of edges (i.e., degree).




TABLE 2 Comparison between topological properties of empirically obtained molecular ecological networks (MENs) between prokaryotes and eukaryotes communities (at the genus level) throughout the year and the associated random MENs in Lake Dongqian.
[image: Table2]

The prokaryotic taxa that were identified in the network hubs, module hubs and connectors of the prokaryotic networks included the genera GKS98 freshwater group, Pedobacter, Polymorphobacter, Sphaerotilus, Lacibacter, Roseomonas, SM1A02, Dielma, Leptolyngbya, Polaromonas and Albidiferax, which mainly belong to Alphaproteobacteria, Betaproteobacteria, Actinobacteria and Bacteroidetes (Figure 7A). The eukaryotic taxa that were identified in the network hubs and connectors of the eukaryotic networks included the genera Mycosphaerella, Goniomonas, Oogamochlamys, and Sphaerastrum, which belong to the phyla of Ascomycota, Choanoflagellida and Heterophryidae. Network hubs, module hubs and connectors are considered keystone taxa in microbial networks. The correlation network showed that many keystone taxa were significantly affected by TN, NH4+, Temp, DO and Chl a (Figure 7B). The degree values of NH4+ and Temp in the network were both 25, and the degree values of TN, Chl a and DO were 24, 18 and 1, respectively. Hence, NH4+ and Temp significantly affected most keystone taxa, followed by TN and Chl a, while only one keystone taxa was significantly affected by DO. Moreover, the distribution of keystone taxa in pro- and eukaryotic networks differed significantly across the four seasons (Supplementary Figures S7A,B).
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FIGURE 7
 Zi-Pi plot (A) showing the distribution of prokaryotic and eukaryotic genera based on their module-based topological roles. Dots represent prokaryotic genera and triangles represent eukaryotic genera. The topological role of each genus is determined according to the scatter plot of within-module connectivity (Zi) and among-module connectivity (Pi), the threshold values of Zi and Pi for categorizing genera are 2.5 and 0.62, respectively. Identified genera are indicated by different colors. Correlation network graph (B) for significant relationships between water properties and microbial keystone taxa in Lake Dongqian. The size of each node is proportional to the number of edges (i.e., degree). A red edge indicates a significant positive correlation (p < 0.05) between two individual nodes, while a blue edge indicates a significant negative correlation (p < 0.05).




3.5. Relationship between microbial community compositions and water properties

At the genus level, redundancy analysis (RDA) was used to analyze the impact of water properties on the microbial community composition. Of the cumulative variance observed in the RDA on the prokaryotes, 44.72% was explained by the first two axes of the RDA biplot (Figure 8A). Temp, pH, TN, DO, CODMn and Chl a had a significant effect on the prokaryotic community composition (0.001 ≤ p < 0.05). Of the cumulative variance observed in the RDA on the eukaryotes, 65.49% was explained by the first two axes of the RDA biplot (Figure 8B). Temp, pH, TN, NH4+ and DO had a significant impact on the eukaryotic community composition (0.001 ≤ p < 0.05). Except for CODMn, Chl a and TDS, water properties had a greater impact on the eukaryotic community than on the prokaryotic community.
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FIGURE 8
 Biplot of a redundancy analyses (RDA) between water properties and prokaryotic (A) and eukaryotic (B) communities (at the genus level) observed in samples collected from Lake Dongqian. Sp, Su, Au, and Wi represent spring, summer, autumn and winter, respectively; Sp1-Sp5, Su1-Su5, Au1-Au5, and Wi1-Wi5 represent samples collected at the different sampling sites in spring, summer, autumn and winter. The R value is displayed in different colors of the arrows (red arrow: p < 0.05, blue arrow: p ≥ 0.05).





4. Discussion

Since the pro- and eukaryotes tended to cluster preferentially in the different seasons, their communities seem to respond to seasons than to sites. More prokaryotic than eukaryotic keystone taxa, while the interactive links between prokaryotic taxa were simpler than those between eukaryotes. Interestingly, quite a few of the microbial keystone taxa are potentially involved in the nitrogen cycle, and they are also closely related to TN and NH4+, which are critical parameters of water quality. Although there have been a number of studies on bio-indicators in lakes and rivers, they usually used microbial biomass, morphology and numbers as the basis for bio-indicators (Lepistö et al., 2004; Uttah et al., 2010). None of these previous results included microbial keystone taxa that are responsible for maintaining the stability and function of ecosystems. In contrast, our study confirmed the correlations between microbial keystone taxa at the genus level and major environmental factors, and suggests that microbial keystone taxa could be used as bio-indicators of water quality in lakes such as Lake Dongqian.


4.1. Contrasting interactions between pro- and eukaryotic communities

Co-occurrence networks reflect the coexistence pattern of microbial taxa. Positive correlations imply mutually beneficial interactions and niche overlap between taxa, while negative correlations represent mutual competition for resources (Deng et al., 2012; Faust and Raes, 2012; Zheng et al., 2017). Compared with the prokaryotic network in Lake Dongqian over the whole year, the corresponding eukaryotic network had higher avgK and avgCC and shorter HD values (Table 2), indicating that interactions between eukaryotic taxa were stronger than those between prokaryotic taxa. This has been shown previously for microbial networks in soils (Hou et al., 2019) but is new to our knowledge of aquatic ecosystems. The positive correlations between prokaryotic taxa were stronger than the corresponding negative correlations; conversely, the positive correlations between eukaryotic taxa were slightly weaker than the negative correlations (Figures 6A,B), suggesting that prokaryotic interactions were more mutualistic than antagonistic, thereby distinguishing them from eukaryotic taxa in Lake Dongqian. The closest interactions between pro- and eukaryotes were found in winter, while the weakest occurred in autumn. The positive interactions always dominated the negative interactions between pro- and eukaryotes in the aquatic ecosystem during the whole year. Their coexistence, which is regulated by environmental conditions, remains generally stable through mutually beneficial interactions. Competition for resources would intensify and maintain network coseismic displacement and stability once substance resources for survival were under high nutrient conditions, thereby maintaining the ecosystem balance (Mitri et al., 2016; Zhou et al., 2020).



4.2. Microbial keystone taxa and their relationship to environmental variables

Network hubs, module hubs and connectors in microbial networks represent keystone taxa that maintain the stability and functions of microbial communities (Karimi et al., 2017; Shi et al., 2020). There were more pro- than eukaryotic keystone taxa in the microbial networks of Lake Dongqian (Figure 7A), which suggests that more important prokaryotic taxa might be closer to aquatic ecosystem than those of the eukaryotes. Both NH4+ and Temp were considered the most primary factors in the correlation network, followed by TN and Chl a, and all had significant effects on the keystone taxa (Figure 7B). It has been suggested that these factors are the most central for the regulation of microbial community composition patterns and for the spatial–temporal distribution of microbial taxa in aquatic ecosystems (Liu et al., 2013; Zhu et al., 2019). The ratio between pro- and eukaryotes fluctuated with the variation in NH4+ and TN values, which are indicative of the water quality and are likely to be decisive for maintaining the balance in aquatic ecosystems. An excess of NH4+ and TN could readily lead to blooms of planktonic algae, resulting in a sharp decrease in the ratio between pro- and eukaryotes once these nutrients become beyond the threshold value of water safety (Chen et al., 2018; Massey et al., 2020). Chl a is also closely related to algal blooms in water, and its drastic changes in concentration imply that the stability of the aquatic ecosystem has been damaged (Massey et al., 2020; Zhang et al., 2020). The co-occurrence patterns of microbial taxa in aquatic ecosystems have revealed that environmental factors regulate the functional stability of keystone taxa by interfering with and changing their abundance (Shade and Gilbert, 2015; Xue et al., 2018). By interacting with TN, NH4+, Temp, and Chl a, the keystone taxa will determine the structure and functions of microbial networks and therefore of the whole ecosystem of Lake Dongqian.

Hence, microbial keystone taxa probably regulate the water quality in Lake Dongqian. For example, Sphaerotilus which can effectively purify water from organic pollutants (Solisio et al., 2000), was significantly positively affected by Temp and Chl a, but inhibited by TN and NH4+. Polaromonas and Albidiferax, which are denitrifiers enriched from eutrophic waters and from water with a high nitrate content (Xu et al., 2019; Tian and Wang, 2021), respectively, showed significant negative correlations with both TN and NH4+ in Lake Dongqian. SM1A02, which is a type of anammox bacterium (Ding et al., 2018), also showed significant negative correlations with both TN and NH4+ in Lake Dongqian. Leptolyngbya, which is a well-known genus of Cyanobacteria associated with nitrogen fixation, primary productivity, and algal blooms (Li et al., 2020), was significantly and positively correlated with Temp, TN and NH4+ in Lake Dongqian. Therefore, we suggest that most of the keystone taxa can be used as bio-indicators to assess the water quality together with the abiotic indicators in Lake Dongqian since they were significantly related to a number of water variables and played key ecological functions.



4.3. Contrasting temporal trends between pro- and eukaryotic community compositions

The number of unique pro- and eukaryotic taxa specific to each of the seasons was larger than that found for each of the sampling sites in Lake Dongqian (Figure 4). This indicates that the specificity of pro- and eukaryotic taxa based on seasonal variation was greater than that based on spatial differences. Actinobacteria and Proteobacteria dominated in all seasons, while the dominance of eukaryotic taxa such as Cryptomonadales, Ciliophora, Chytridiomycota, P1-31, Kathablepharidae and Choanoflagellida was more variable over time. This is consistent with studies performed in the Danjiangkou Reservoir in China, indicating that eukaryotic communities are more variable in time than prokaryotic communities (Zhang et al., 2021). Compared with the other three seasons, Betaproteobacteria preferred to grow in winter in Lake Dongqian, which was similar to previous studies in Lake Redon in the Pyrenees in Spain and in Lake Témpanos of Queulat National Park in Chile (Llorens-Marès et al., 2011). Apparently, the conditions in winter are more favorable for the survival and reproduction of Betaproteobacteria than of other classes of Proteobacteria (Llorens-Marès et al., 2011; Aguayo et al., 2017). Furthermore, the similarities in pro- and eukaryotic community compositions at the different sites within the same season were higher than those for one site between the seasons (Figures 5A,B). The influence of seasons on the microbial community composition was greater than that of locations, which is consistent with previous studies in the Qingcaosha Reservoir, the Pearl River and the Jiulong River, all in China (Wang Y. et al., 2015; Li et al., 2017; Jiang et al., 2021). Temperature is the main driving force for the seasonal succession of the microbial community in waters (Liu et al., 2013; Zhu et al., 2019), as it promotes microbial growth in summer and autumn more than in spring and winter. TN was more favorable for pro- and eukaryotic community compositions in spring and winter than in summer and autumn, while NH4+ had a stronger positive influence on the eukaryotic community composition in spring, which is similar to earlier studies (Liu et al., 2013; Sun et al., 2014; Zhu et al., 2019). High DO with low temperature in winter was more favorable to both prokaryotic and eukaryotic communities (Sun et al., 2014). Chl a only had a positive effect on the prokaryotic community composition in summer, which might be due to the close correlation between Chl a and cyanobacteria in this season (Sun et al., 2014).



4.4. Contrasting microbial taxa with statistically significant differences among seasons

The highest and lowest numbers of distinctive prokaryotic taxa occurred in winter and summer, respectively, while eukaryotic taxa were more homogeneous than prokaryotes throughout the year (Supplementary Tables S5A,B, S6A,B). This indicates that seasonal succession had more effect on the prokaryotes than on the eukaryotes in Lake Dongqian. Since the distinctive pro- and eukaryotic taxa showed a mutual inhibitory relationship in Lake Dongqian at the moments when prokaryotic taxa dominated, the prokaryotic taxa inevitably influenced the survival of the eukaryotic taxa (Bucci et al., 2014; Zhou et al., 2020). Distinctive pro- and eukaryotic taxa were enriched in the different seasons and played pivotal roles in Lake Dongqian. For instance, it has been shown that Microcystis, which accumulates in spring, is critical for the microbial community structure in aquatic ecosystems (Zuo et al., 2021). The eukaryotic taxon Tintinnidium, which feeds on most bacteria, is an important biotic factor in regulating the bacterial community in aquatic ecosystems (Hisatugo et al., 2014). The prokaryotic taxon HgcI clade that was found in summer could improve water quality due to its participation in N fixation and denitrification (Ruprecht et al., 2021). The CL500-29 marine group, which was found in autumn, can degrade dissolved organic carbon (Lindh et al., 2015). Bacilli are cardinal microorganisms for the degradation of pollutants and for ecological restoration (Teles et al., 2018). Flavobacterium, Rhodoferax, Rhodobacter, and Pseudomonas, found in winter, are all critical in the process of denitrification, which promotes nitrogen cycling in water bodies (Masuda et al., 2017; Yang et al., 2017; He et al., 2019; Zhu et al., 2020).




5. Conclusion

This study revealed that the composition of pro- and eukaryotic communities in Lake Dongqian was more specific in different seasons than at different sites, whereas the composition of the pro- and eukaryotic communities at different sites aggregated preferentially in one season. The prokaryotic community was more affected by seasonal changes than the eukaryotic community. TN, pH, Temp and DO significantly affected on both pro- and eukaryotic community compositions, while Chl a and NH4+ only affected on the pro- or eukaryotic community, respectively. The eukaryotic network was more complex than the prokaryotic network, while the number of prokaryotic keystone taxa was larger than that of eukaryotes. The mutual cooperation between pro- and eukaryotic communities across the year was stronger than competition. Most of the microbial keystone taxa involved in N-cycling, such as Polaromonas, Albidiferax, SM1A02 and Leptolyngbya, were significantly correlated with TN, NH4+, Temp, and Chl a, suggesting that they could be used as bio-indicators for the water quality in Lake Dongqian.
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Introduction: Damming has substantially fragmented and altered riverine ecosystems worldwide. Dams slow down streamflows, raise stream and groundwater levels, create anoxic or hypoxic hyporheic and riparian environments and result in deposition of fine sediments above dams. These sediments represent a good opportunity to study human legacies altering soil environments, for which we lack knowledge on microbial structure, depth distribution, and ecological function.

Methods: Here, we compared high throughput sequencing of bacterial/ archaeal and fungal community structure (diversity and composition) and functional genes (i.e., nitrification and denitrification) at different depths (ranging from 0 to 4 m) in riparian sediments above breached and existing milldams in the Mid-Atlantic United States.

Results: We found significant location- and depth-dependent changes in microbial community structure. Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, Chloroflexi, Acidobacteria, Planctomycetes, Thaumarchaeota, and Verrucomicrobia were the major prokaryotic components while Ascomycota, Basidiomycota, Chytridiomycota, Mortierellomycota, Mucoromycota, and Rozellomycota dominated fungal sequences retrieved from sediment samples. Ammonia oxidizing genes (amoA for AOA) were higher at the sediment surface but decreased sharply with depth. Besides top layers, denitrifying genes (nosZ) were also present at depth, indicating a higher denitrification potential in the deeper layers. However, these results contrasted with in situ denitrification enzyme assay (DEA) measurements, suggesting the presence of dormant microbes and/or other nitrogen processes in deep sediments that compete with denitrification. In addition to enhanced depth stratification, our results also highlighted that dam removal increased species richness, microbial diversity, and nitrification.

Discussion: Lateral and vertical spatial distributions of soil microbiomes (both prokaryotes and fungi) suggest that not only sediment stratification but also concurrent watershed conditions are important in explaining the depth profiles of microbial communities and functional genes in dammed rivers. The results also provide valuable information and guidance to stakeholders and restoration projects.

KEYWORDS
 fragmented rivers, legacy sediments, prokaryotes and fungi, vertical distribution, dam removal


Introduction

Human civilizations originated along big rivers and their deltas, and human activities have had a significant impact on the integrity and function of rivers and their watersheds. Damming is one such activity that has substantially fragmented and altered riverine ecosystems worldwide (Zarfl et al., 2015; Anderson et al., 2018; Belletti et al., 2020; Maavara et al., 2020). In the United States (US), starting in the 1700s, thousands of dams were built by early European settlers for harnessing water power for mills, and were widely distributed on streams and rivers across the eastern United States (Walter and Merritts, 2008; Merritts et al., 2011). Although a majority of the dams have breached or are under consideration for removal due to safety or habitat considerations (Tonitto and Riha, 2016; Foley et al., 2017; Magilligan et al., 2017), more than 14,000 dams still exist across the Northeast United States (Martin and Apse, 2011). While the impacts of dams on fluvial geomorphology and sediment transport (Csiki and Rhoads, 2010; Rodriguez et al., 2020), hydrologic connectivity (Poff et al., 2007; Magilligan et al., 2016), biogeochemical processing (Maavara et al., 2020; Zhang et al., 2021; Inamdar et al., 2022), and aquatic habitat (Barbarossa et al., 2020; Pal et al., 2020) are increasingly recognized, much less is known about how dams and fragmented river systems affect the structure and functions of microbial communities.

Dams alter both the in-channel and the riparian environment in riverine systems. Coupled with accelerated sediment erosion from widespread land clearance and agriculture across the United States (Costa, 1975; Meade, 1982), milldams resulted in large deposits of fine-grained (silt and clay) legacy sediments that formed tall riparian terraces upstream of the dams and with lower floodplains downstream (Walter and Merritts, 2008; James, 2013). Upstream riparian terraces can be many meters tall and are typically the height of the milldams (Merritts et al., 2011). Milldams also alter the hydrologic environment with high stream and groundwater levels upstream (typically equal to the height of the dam) and lower levels and drier conditions downstream (Sherman et al., 2022). The high-water levels and wet and stagnant conditions upstream of the dams promote hypoxic and anoxic conditions in stream and riparian sediments with consequences for carbon and nitrogen biogeochemistry and cycling (Inamdar et al., 2020, 2022; Hripto et al., 2022; Peck et al., 2022, 2023). In contrast, when dams are removed, upstream stream and groundwater levels drop rapidly resulting in drained and oxic riparian sediments (Lewis et al., 2021) that are susceptible to fluvial and subaerial erosive processes (Wolman, 1959; Fox et al., 2016; Gellis et al., 2017). Recent studies have shown that the fine sediment particles and associated nutrients (both dissolved and particulate forms) can serve as important sources to annual sediment and nutrient export to downstream aquatic ecosystems such as the Chesapeake Bay (Gellis et al., 2017; Cashman et al., 2018; Miller et al., 2019; Jiang et al., 2020; Lutgen et al., 2020).

Microorganisms are indicators for river and terrestrial ecosystem functions because they are the major drivers for the most biogeochemical cycles of nutrients globally. In addition to hydrological and morphological discontinuities, river fragmentation and damming is likely to disturb these nutrient-cycling pathways by reassembling and reconstructing the microbial compositions. In a previous molecular survey, our results showed that heterotrophic bacteria in the milldam-associated legacy sediments were different from other soil environments (Sienkiewicz et al., 2020). Distinct depth profiles of these microbes were also observed in their detailed structure composition and microbial activities: higher carbon respiration in the surface sediment while lower microbial enzyme activities in deeper layers (Weitzman et al., 2014; Weitzman and Kaye, 2017). Our studies further confirmed this observation by showing very low amended or unamended denitrification enzyme activity (DEA; Peck et al., 2022), although higher denitrification genes were found in deeper layers (Sienkiewicz et al., 2020). By quantifying in-stream denitrification rates above and below milldams, Hripto et al. (2022) concluded that milldams that were filled to capacity with sediments had limited effects on nitrogen removal and transport in stream ecosystems. However, there is still some debate on whether legacy sediments serve as sources or sinks of nutrients (N, P, etc.); and addressing this question is crucial for the decision-making process on sediment removal and stream restoration (Inamdar et al., 2020).

These disagreements and arguments highlight critical knowledge gaps and a lack of understanding of how river fragmentation with dams impacts ecosystem functions, which are primarily manipulated by microorganisms (e.g., Graham et al., 2016). Due to the backup of stream water above dams, we hypothesize the elevated groundwater and anoxia enhance the depth stratification of microbial communities in the sediments. This is particularly so for milldams which have been in place since the mid-1700s—representing more than 200 years of continuous saturation and anoxia in riparian sediments. When the dams are removed, riparian sediments drain rapidly and become oxic—representing an abrupt or instantaneous (at the geologic and ecological time scales) change in the biogeochemical and microbial environment. This sudden change likely alters the nitrifying and denitrifying processes and associated microbial communities (e.g., Lewis et al., 2021). It is important to understand how these hydrologic and biogeochemical changes pre and post dam removals affect the microbial community structure and functions and their evolution over time.

In this study, we collected sediment cores from riparian sediment terraces above three milldams in the mid-Atlantic United States: two with standing milldams (Roller and Cooch) and one recently-breached dam site (Krady). Depth profiles (0–4 m) of community structures of bacteria/archaea and fungi were characterized with high throughput sequencing of 16S rRNA genes and ITS regions. Nitrification and denitrification genes were used to quantify the functional measure in the sediment cores. We aim to further our understanding of how dam-fragmented riverine systems impact microbial assembly and function.



Materials and methods


Experimental design and sample collection

Three low-head milldam sites—Krady, Roller and Cooch were selected for this study, Krady dam was breached and removed in July 2018, while Roller and Cooch are still standing and largely intact. Krady (1.5 m tall) and Roller (2.4 m tall) milldams are both on Chiques Creek (Krady is 10 km downstream of Roller) in Pennsylvania draining into the Chesapeake Bay, while Cooch milldam (~4 m tall) is located on Christina River in Delaware that drains into the Delaware Bay (Figure 1). All of these dams are fairly representative of the types of milldams constructed in the mid-Atlantic United States (Walter and Merritts, 2008). Krady and Roller milldams were constructed in mid-1700s (exact date unknown) whereas the Cooch milldam was built in 1792 (Inamdar et al., 2022). Thus, for Roller and Cooch, the riparian sediments immediately upstream of the dam have been in a saturated and hypoxic/anoxic condition for more than 200 years. For Krady, the dam removal occurred in 2–4 h and riparian sediments drained within days (Lewis et al., 2021). Riparian sediments above all the dams are primarily fine-grained with lenses of coarse grained (sand) sediments (Peck et al., 2022, 2023). Carbon dating of buried organic material at depths of 3–4 m suggest that much of the riparian legacy sediments were deposited in the past 200–300 years (Peck et al., 2022).
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FIGURE 1
 Maps showing the sampling locations for sediment collection. Krady and Roller dam sites are located at Chiques Creek in Pennsylvania (Chesapeake watershed), and Cooch milldam site is located at Christina River in Delaware (Delaware watershed).


Chiques creek drains a primarily agricultural watershed while the Christina River has a mixed landuse (urban and agriculture) above the Cooch milldam (Inamdar et al., 2022; Peck et al., 2022). Above the Krady dam site on the Chiques Creek, the major land uses are 68% agricultural, 13% forested, 11% residential, and 7% grassland (USGS National Landcover Database, 2011; Lewis et al., 2021). The Cooch dam site is a more urbanized site near Newark in Delaware, consisting of 47% urban/developed, 30% forested, and 23% agricultural land (USGS National Landcover Database, 2011; Peck et al., 2022). Riparian sediment and groundwater biogeochemistry above Cooch milldam on Christina River is also affected by road salt (NaCl) inputs from a large interstate highway (Inamdar et al., 2022). The Chiques watershed is mostly dolomite/limestone (rich in Calcium and magnesium) and shale, while the Christina River basin is dominated by gabbro and gneiss. Chiques Creek and Christina River have a temperate weather, with similar mean annual air temperatures (15.5 and 12.2°C, respectively) and precipitation amounts (104 and 114 cm, respectively; NOAA 2021). Both riparian areas are forested with dominant tree species including sugar maple (Acer saccharum), black walnut (Juglans nigra), and American sycamore (Platanus occidentalis).

Riparian sediments upstream of all milldams are about as thick as the heights of the dams (Lewis et al., 2021; Inamdar et al., 2022) and were sampled for this study. A total of five riparian sediment cores were collected using a hand-operated auger to a depth of refusal (~3–4 m): two from Krady dam site (KMW1B and KMW3B), one from Roller milldam (RMT1W1), and two from Cooch milldam (CMT1W1 and CMT2W1). All of these cores were collected within 10 m from the stream edge and detailed sampling sites, procedures, and chemical analyses can be found in previous publications (Inamdar et al., 2022; Peck et al., 2022, 2023; Sherman et al., 2022). The cores were segmented to different depths on site, stored in air-tight Whirl-Pak® bags and transported to the lab on ice (4°C; Table 1). Samples from each depth were sent to labs for chemical analysis and measurements (Supplementary Table S1), and a subset of samples were saved in freezer (−80°C) for molecular analyses (see below).



TABLE 1 Location of sampling sites, sampling dates, depth, species richness, diversity and functional genes for the depth sediment profiles.
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DNA extraction, high throughput sequencing, and qPCR

Genomic DNA was extracted from sediment samples (0.25 g, wet weight) using DNeasy PowerSoil Pro Kits (Qiagen, Hilden, Germany) following the manufacturer’s instructions. DNA concentrations and purity were measured using an ND-20000 NanoDrop spectrometer (Thermo Fisher Scientific, Waltham, United States).

High throughput sequencing was performed on a total of 29 samples to characterize detailed bacterial/archaeal (16S) and fungal (ITS) communities. Library preparation followed the Sequencing Library Preparation protocols from Illumina.1 For bacteria and archaea, the V4 variable region of the 16S rRNA genes was amplified using the forward primer 515f (5′-GTGYCAGCMGCCGCGGTAA-3′; Parada et al., 2016) and reverse primer 806r (5′-GGACTACNVGGGTWTCTAAT-3′; Apprill et al., 2015) following the Earth Microbiome Project protocol (Gilbert et al., 2010). For fungi, the ITS2 region was amplified using the forward primer ITS3-F (5’-GCATCGATGAAGAACGCAGC-3′) and reverse primer ITS4-R (5’-TCCTCCGCTTATTGATATGC-3′; White et al., 1990). PCR contained 25 μL 2x Premix Taq, 1 μL each primer (10 μM), 1 μL bovine serum albumin (BSA), and 50 ng environmental DNA template in a volume of 50 μL. 16S rRNA genes were amplified with following thermocycling program: 5 min at 94°C for initialization; 30 cycles of 30 s denaturation at 94°C, 30 s annealing at 53°C, and 30 s extension at 72°C; followed by 8 min final elongation at 72°C. Fungal ITS regions were amplified with following thermocycling program: 3 min at 95°C for initialization; 33 cycles of 20 s denaturation at 95°C, 20 s annealing at 56°C, and 30 s extension at 72°C; followed by 5 min final elongation at 72°C. Sequencing libraries were prepared by using NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, Massachusetts, United States) following manufacturer’s recommendations. High-throughput sequencing was performed at Magigene (Magigene Biotechnology, Guangzhou, China) on an Illumina Nova6000 platform (paired-end 250-bp mode), following the manufacturer’s guidelines. Raw sequencing data obtained in this study are available through the GenBank database under the accession number PRJNA925921.

Nitrogen transformation genes were used to determine functional gene abundance for each depth—ammonia monooxygenase (amoA) genes for ammonia oxidizing archaea (AOA) and nitrous oxide reductase (nosZ) for denitrifying microorganisms. Previous surveys concluded that AOA predominated the nitrifying microbes in sediment and soil samples (Leininger et al., 2006; Sienkiewicz et al., 2020), therefore, we used AOA to represent the nitrification potential. The primer information, SYBR Green qPCR reactions, and thermal programs were set up following previously described protocols (Kan, 2018; Sienkiewicz et al., 2020). Briefly, ammonia monooxygenase genes (amoA) were amplified with Arch-amoAf and Arch-amoAr primers (Francis et al., 2005), and nitrous-oxide reductase genes (nosZ) were amplified by the primer set: nosF (Kloos et al., 2001) and nosZR1622 (Throba Ck et al., 2004). Each sample was run in triplicates and 10-fold dilution series were generated from corresponding plasmids (standard curves were shown in Supplementary Figure S2). The copy number per gram of sediment was calculated based on the concentration of plasmid DNA and amplicon size used in the standard curves (Einen et al., 2008; Kan, 2018).



Data analysis and statistics

Raw Illumina sequences were processed with the QIIME 2 software package (version 2021.11; Bolyen et al., 2019). After demultiplexing, all raw sequence reads were carried out with quality control, denoising, filtering, merging, and chimera removal through q2-DADA2. Amplicon sequence variants (ASVs) were generated, and a Naïve Bayes classifier artifact2 was applied to assign the ASVs to taxa at 99% using the Silva classifier 132 (April 10 2018) for 16S rRNA genes, and UNITE version 8.2 (February 20, 2020) for ITS regions.

The ASVs were normalized by rarefaction approach performed with Qiime 2 pipeline, with cutoffs at 94,000 sequences for bacteria/archaea and 53,000 for fungi (coverage >99.7% of the total diversity for both, see Supplementary Figure S1). Normalized and aggregated ASV tables were used to calculate Chao1 richness (Chao, 1984), Shannon diversity index (Shannon, 1948), and phylogenetic diversity (Faith PD; Faith, 1992). Chao1, Shannon, and Faith PD were calculated using the qiime2 q2-diversity plugin: Chao1 and Shannon used the “alpha” method, and Faith PD used the “alpha-phylogenetic” method.3

In order to investigate the similarity/dissimilarity and distribution of microbial communities across depths and sites, non-metric multidimensional scaling (NMDS) was conducted using the MDS procedure in SAS/STAT (v9.4, SAS Institute Inc., Cary, NC, United States) based on Bray–Curtis dissimilarity index (Bray and Curtis, 1957). The screen plot suggested that the first two dimensions were sufficient in defining the overall dimensionality of the input data with stress values close to or less than 0.1 (Clarke, 1993). Target or microbial community groups of interest were visually identified based on the screen plots, and similarity analysis between groups (ANOSIM) was performed using the “anosim” functions in the “vegan” package (version 3.6.1; Oksanen et al., 2018) under the R software (version 4.1.2).

Assessing specific taxonomic groups that drove a particular NMDS result was examined by correlating (Spearman rank), the relative abundance of each taxon against the NMDS dimension scores. In a similar manner, the environmental parameters including soil chemistry (Inamdar et al., 2022; Peck et al., 2022) were correlated with NMDS structure by using SAS Version 9.4 (SAS Institute Inc.). Significant correlations (p < 0.05) indicate which taxa or environmental variables are driving differences in bacteria/archaea or fungal community structures.




Results


Environmental measurements across depth

When compared across all depths, %C, %N, and OM were higher at both surface and deep sediments (Supplementary Table S1). C:N ratios were significantly larger at Cooch than Roller and Krady sites (p < 0.01, Supplementary Table S1; Peck et al., 2022). Concentrations of most M3 extracted minerals including P, Ca, Mg, Zn, Cu, B etc. decreased with depth, while concentrations of Mn, Fe, and S were higher in deeper layers. Na concentrations at Cooch dam site were significantly higher than those at Krady and Roller dam site, which were likely attributed to the road salt applications (Inamdar et al., 2022). Nitrate-N concentrations peaked at the surface sediment and varied with depth at all three sites. In contrast, ammonium-N concentrations peaked at deeper sediment depths at all three sites, and these depth trends were significant (p < 0.01; Supplementary Table S1; Peck et al., 2022). Unamended DEA rates and amended DEA rates were higher at surface than deep layers across all three sites, while nitrification and mineralization were higher at Krady than Roller and Cooch sites (Supplementary Table S1). Detailed comparison of soil biogeochemistry across depths between these sites were described in Peck et al. (2022).



Sequence data and diversity

After demultiplexing, a total of 4,195,000 reads were obtained for 16S rRNA genes and a total of 6,602,709 were obtained for ITS regions. Quality control, denoising, filtering, merging, and chimera removal were conducted through q2-DADA2, and resulted in 2,953,026 valid reads for 16S rRNA genes, and 3,766,814 for ITS regions. In order to minimize the sampling effects, the original ASV tables were rarified to a depth of 94,000 sequences per sample for bacteria/archaea, and 53,000 sequences per sample for fungi. Alpha rarefaction analyses were used to document that samples were sequenced to a sufficient depth with coverages over 99.7% of the total diversity (Supplementary Figure S1). After rarefaction, 19,759 unique ASVs for bacteria/archaea and 7,888 unique ASVs for fungi were identified.

From surface to depth, Shannon index for prokaryotes (bacteria and archaea) decreased across all sites, but species richness (Chao1) was higher at top and bottom layers compared to middle layers (except samples from Roller dam; Table 1). Prokaryotic Faith PD increased with depths at both Krady and Cooch dam sites, but decreased at Roller dam. For fungi, both diversity index (Shannon and Faith PD) and species richness showed decreasing trends with depths, where top layers contained the highest unique ASV numbers and fungal diversity (Table 1).



Microbial compositions across depths at three dam sites

Regarding the community composition, the microbial assemblies across three dam sites are generally similar: more than 19 major bacterial/archaeal phyla were commonly found in the riparian sediments, such as Proteobacteria (mainly subclasses alpha, gamma, and delta), Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Crenarchaeota, Euryarchaeota, Firmicutes, Gemmatimonadetes, Latescibacteria, Nanoarchaeaeota, Nitrospirae, Omnitrophicaeota, Patescibacteria, Planctomycetes, Rokubacteria, Spirochaetes, Thaumarchaeota, and Verrucomicrobia (Figure 2A). Among them, Actinobacteria and Firmicutes were more abundant at Cooch site while the relative abundances of Deltaproteobacteria, Planctomycetes, and Thaumarchaeota were higher at Krady and Roller sites. Distribution of other major bacterial/archaeal phyla responded to depth across all the sites (Figure 2) and most of them showed a clear trend of increasing or decreasing. Relative abundance of Deltaproteobacteria, Chloroflexi, Firmicutes, Spirochaetes, Crenarchaeota, and Euryarchaeota increased with depth while Alphaproteobacteria, Acidobacteria, Actinobacteria, Gemmatimonadetes, Rokubacteria, Verrucomicrobia, and Thaumarchaeota showed negative correlations with depths (Figure 2). Gammaproteobacteria dominated the total community at Roller mill site (RMT1W1) and reached close to 50% of total community at most layers (Figure 2A).
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FIGURE 2
 Distribution of major bacterial and archaeal phyla (A) and fungi (B) across depths. Bubble size represents the relative abundance of each taxa over the total sequence reads. Phyla were included in the “Other” category if they failed to meet two criteria—either that the phylum present at >1% in any sample, or that it was present at >0.1% in all samples. This category also included ASVs that were not identified to the phylum level.


Based on the relative abundance, Aphelidiomycota, Ascomycota, Basidiomycota, Chytridiomycota, Glomeromycota, Mortierellomycota, Mucoromycota, Rozellomycota, and Zoopagomycota were the major fungal phyla found in the sediments (Figure 2B). For instance, Ascomycota dominated all the samples across sites and depths with relative abundance ranged from 40.23 to 91.49% except the sample from 0.6 m depth at Roller (RMT1W1_2; 7.45%) in which the relative abundance of Mortierellomycota reached 89.74%. Compared to bacteria and archaea, fungal groups did not show clear increasing or decreasing trends with depth, but certain groups of fungi were more abundant in the surface soils, such as Blastocladiomycota, Kickxellomycota, Entorrhizomycota, Olpidiomycota, and Zoopagomycota (Figure 2B). In addition, two phyla, Mucoromycota and Rozellomycota were found more dominant in deep layers (Figure 2B).

Non-metric Multidimensional Scaling plots confirmed spatial patterns across watersheds, sampling sites, and sediment depths (Supplementary Figures S3A,B). Both bacterial and fungal communities across watersheds/sampling sites were separated mainly along NMDS axis 2, while microbial communities within each site were separated primarily by depth along NMDS axis 1 (Supplementary Figure S3). Analysis of Similarity (ANOSIM) showed both bacterial and fungal communities were distinct between streams/watersheds (Chiques Creek—Krady and Roller versus Christina River—Cooch, p < 0.05). Further, the compositions of bacteria/archaea and fungi from each dam site (Krady vs. Roller vs. Cooch) were also distinct (Table 2). The two depth profiles from the breached dam site on Chiques Creek—Krady (KMW1B and KMW3B) were different from the existing dam site on the same creek—Roller (RMT1W1).



TABLE 2 ANOSIM results for NMDS separations of microbial communities.
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Correlations of microbial taxa with NMDS patterns verified the depth distribution of major bacteria and archaea as shown in Figure 2: Alphaproteobacteria, Acidobacteria, Actinobacteria, Gemmatimonadetes, Rokubacteria, Verrucomicrobia, and Thaumarchaeota dominated in surface layer, and Deltaproteobacteria, Chloroflexi, Firmicutes, Omnitrophicaeota, Patescibacteria, Spirochaetes, Crenarchaeota, and Euryarchaeota were more abundant in deep layers (Figure 3A). Planctomycetes also showed a significant correlation with the microbial distribution but they are more enriched in top layers at Chiques sites (Figure 3A). In contrast, only a few fungal groups showed positive (Mucoromycota and Rozellomycota) or negative correlations (e.g., Blastocladiomycota, Kickxellomycota, Entorrhizomycota, Olpidiomycota, and Zoopagomycota) with soil depths (Figure 3B). Aphelidiomycota, Basidiobolomycota, and Chytridiomycota were found more abundant at Krady and Roller sites compared to Cooch site (Figure 3B).
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FIGURE 3
 Correlations of microbial groups and environmental parameters with NMDS separation of community structures: (A) and (C) for bacteria and archaea and (B) and (D) for fungi. Only significant microbial phyla or environmental parameters (p < 0.05) are shown with vectors.


Except depth and Fe concentration, environmental variables that correlated with microbial distribution (both bacteria/archaea and fungi) primarily differentiated the samples between watersheds, i.e., Chiques vs. Christina (Figures 3C,D). High concentrations of NH4-N, Al, and Na occurred at Cooch site, but samples from Krady and Roller sites contained higher NO3-N, %C, %N, and minerals (Cu, Zn, B, P, Ca, Mg etc.). Base saturation (BaseSat), saturation percentage (PSat), mineralization, nitrification, species richness, and Shannon diversity index were also higher at Krady and Roller sites than Cooch site (Figures 3C,D).



Comparison between before vs. after dam removal

By contrasting samples from Roller (existing dam) and Krady (dam removed) sites (RMT1W1 vs. KMW1B and KMW3B), we were able to compare microbial communities before vs. after dam removal. The results showed both bacteria/archaea and fungi were different between these two sites and a wider separation with depths at Krady than Roller site (Figures 4A,B, Table 2). Samples from Krady site contained high abundances of many bacterial (Alphaproteobacteria, Acidobacteria, Actinobacteria, Nitrospirae, Verrucomicrobia etc.) and fungal phyla (such as Blastocladiomycota, Glomeromycota, Kickxellomycota, Olpidiomycota etc.) in the top layers. For deep layers, abundant bacterial groups including Spirochaetes, Firmicutes and archaea (Crenarchaeota, Euryarchaeota, and Nanoarchaeota) and fungi (Ascomycota, Mucoromycota, and Rozellomycota) were retrieved from Krady sites. In contrast, only Gammaproteobacteria and Bacteroidetes were found more abundant in samples from Roller site (Figure 4A). Environmental measurements also differed between sampling sites: Roller site contained higher NH4-N, Al, and S while Krady site had higher NO3-N (Figures 4C,D). Samples from Krady sites (after dam removal) also contain higher species richness, microbial diversity as well as nitrification (Figure 4C). Across depths, higher minerals (Ca, Cu, P, etc.) and δ15N occurred in surface soils and Fe was more abundant in deeper layers (Figures 4C,D).
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FIGURE 4
 Correlations of microbial groups and environmental parameters with NMDS separation of community structures at Krady and Roller dam sites: (A) and (C) for bacteria and archaea and (B) and (D) for fungi. Only significant microbial phyla or environmental parameters (p < 0.05) are shown with vectors.




Nitrification and denitrification genes

We quantified AOA and nosZ genes to estimate nitrification and denitrification potentials for different layers. In general, nitrifying genes were abundant at the top and decreased with depths except KMW3B site where the AOA peaked at 1.83 m below surface (Table 1). Most denitrifying genes nosZ were also found at the top layers but moderate amounts were observed in the middle or bottom layers. At Roller site, nosZ genes increased with depths and the highest quantity was at 3 m deep (Table 1). In contrast, the denitrifying genes were low in deeper layers at Cooch site. These results demonstrated that, in addition to depth and oxygen gradients, the vertical distribution of nitrifying and denitrifying microbes was likely influenced by other environmental conditions. For instance, hydrology and soil biogeochemistry at the Cooch site are affected by road salt application from an interstate highway, and the potential impact of which on soil microbial processes is under investigation.




Discussion


Spatial distribution across depth and watershed: local land use and concurrent conditions

Given the origin, accumulation process and hydrological interactions, the legacy sediments are distinct geochemically compared to forest wetland or agriculture soils (Walter and Merritts, 2008; James, 2013; Jiang et al., 2020; Lutgen et al., 2020). Typical soil bacteria, archaea and fungi have been found in the sediment samples, such as Acidobacteria, Proteobacteria (Alpha-, Gamma-, and Delta-), Chloroflexi, Nitrospirae, Verrucomicrobia, Crenarchaeota, Euryarchaeota, Basidiomycota, Ascomycota, and among others (Janssen, 2006; Bergmann et al., 2011; reviewed by Fierer, 2017 and the references therein), but the detailed microbiome composition and distribution in dam-associated legacy sediments differed from other soil environments (Koval, 2011; Weitzman et al., 2014; Sienkiewicz et al., 2020). Distinct depth profiles of sediment microbiomes were observed for both prokaryotes and fungi in this study, suggesting environmental selection and enrichment of microbes in dammed environments. Similarly, previous studies have also demonstrated strong effect of depth on microbial structure (Fierer et al., 2003; Allison et al., 2007; Eilers et al., 2012; Leewis et al., 2022). The distinctness of microbial distribution at depths was highlighted through the associations between major microbial taxa and environmental parameters (Figure 3). This study confirmed our previous observation and speculations that soil moisture, redox, Fe, carbon and nitrogen content play key roles in shaping the microbiome structure and distribution across depth in legacy sediments (e.g., Figures 3C,D; Sienkiewicz et al., 2020). All these matrices are limiting factors influencing and shifting the microbial assembly and distribution (e.g., Fierer and Jackson, 2006; Fierer, 2017; Weitzman and Kaye, 2017; Jansson and Hofmockel, 2020).

The microbiomes (both bacteria/archaea and fungi) differed between watersheds (Supplementary Figure S3), reflecting the impact from local land use, geology and sediment lithology, and concurrent stream conditions (Sienkiewicz et al., 2020). Chiques Creek is an agriculture stream running through Lancaster County in Pennsylvania while the Cooch dam site is a more urbanized site near Newark in Delaware. Previous studies for the Roller and Cooch riparian sediments indicated significant differences in biogeochemistry (Inamdar et al., 2022; Peck et al., 2022, 2023). The sediment samples from Chiques Creek contained higher %C, %N, nitrate-N, and metals (Cu, Zn, Ca etc.) indicating the influence of agriculture inputs and sediment lithology (Peck et al., 2022, 2023). In contrast, Cooch sediments contained higher Na and Fe concentrations, with the elevated Na concentrations likely due to road salt applications (Inamdar et al., 2022; Peck et al., 2023). Thus, microbiome fingerprints in riparian legacy sediments upstream of the dams reflect human activities, watershed conditions, as well as land uses (Bissett et al., 2014; Ding et al., 2022).



Impact of dam removal on microbial assembly and function

A schematic diagram based on our observations of changes before and after dam removal was summarized in Figure 5. In the presence of the milldam, upstream riparian sediments are saturated and persistently hypoxic or anoxic, especially below 1 m depth (Inamdar et al., 2022). Sherman et al. (2022) also found that groundwaters in the near-stream riparian zones at Roller and Cooch were poorly mixed. In contrast, following dam removal (as in case of Krady), the sediments drain rapidly and become oxic in a few hours or days (Lewis et al., 2021). The hydrological connectivity and mixing impacts soil moisture and redox gradients, and therefore drive and shift microbial community composition and related biogeochemical processes (Argiroff et al., 2017). For instance, high moisture content is likely associated with greater microbial biomass (Serna-Chavez et al., 2013; Fierer, 2017). Increases in soil moisture level affect nutrient connection and cycling and therefore impact microbial interactions and population structure (Barnard et al., 2013; Jansson and Hofmockel, 2020). Along with groundwater fluctuation, redox changes also play import roles in manipulating microbial assembly in many different ways such as navigation of energy taxis (Alexandre et al., 2004) and shifts between active and inactive biomass (Khurana et al., 2022). Increased abundances of Deltaproteobacteria (Figures 3A, 4A) such as iron reducing bacteria Geobacter and FeII concentrations at the depths also indicate reducing conditions (Childers et al., 2002; Duval and Hill, 2007; Lutgen et al., 2020). Following hydrological disruption and redox kinetics, further changes in carbon and nitrogen processing will gradually and continuously alter microbial composition and their functional properties (Fierer and Jackson, 2006; Kaushal et al., 2008; Argiroff et al., 2017; Weitzman and Kaye, 2017).

[image: Figure 5]

FIGURE 5
 A schematic diagram summarizing the potential impacts of dam removal on microbial assembly and function.


In this study, we were not able to collect samples before the breach of Krady dam, but we used the Roller dam, located 10 km upstream, as comparison to represent conditions in the presence of the dam. Our results clearly revealed important differences between sediments from the Krady vs. Roller site (Figures 4, 5). After dam removal, higher species richness and diversity, Nitrospirae, Deltaproteobacteria, Glomeromycota, and Ascomycota were found at the Krady site. The higher abundance of Acidobacteria and Verrucomicrobia in Krady sediments, post dam removal, could be associated with the more dynamic riparian groundwater regime which allowed for greater variation of soil moisture with rewetting of the riparian soils from rainfall and flood events. This would agree with observations from Barnard et al. (2013), who showed that these two bacterial phyla increased with re-wetting events. Gammaproteobacteria and Bacteroidetes were more abundant at the Roller site (existing dam) with persistently saturated soil conditions, suggesting they are possibly sensitive to drying conditions, which corroborate the previous results and observations (Zeglin et al., 2011; Barnard et al., 2013). In comparison, Actinobacteria are more tolerant to desiccation and favor in drying conditions or low humidity (Barnard et al., 2013; Barka et al., 2016). For this study, Actinobacteria was abundant in surface sediments but did not differ between the Krady and the Roller sites, suggesting that the microbial distribution could also be affected by other environmental factors. Lastly, since the samples were not collected at the same dam site (Krady) before and after dam removal, we could not completely exclude the potential for spatial heterogeneity between the two sites. But based on our previous survey, the differences between the adjacent sites on the same stream and within the same watershed should be minor (Sienkiewicz et al., 2020).

Nitrification/denitrification and their associated genes are the most sensitive pathways in response to water level fluctuations (Zhang et al., 2021). Our results support the hypothesis that dam removal enhances nitrification process (Figure 4C). Higher nitrification separated the samples from Krady site, where they were taken 16 months after the dam breached (Lewis et al., 2021). We also hypothesized that the dam removal inhibited denitrification due to water drop with loss of saturation and anoxic conditions (Barnard et al., 2013; Jansson and Hofmockel, 2020; Lewis et al., 2021). However, neither amended nor unamended DEA showed strong correlations with the microbial distributions. Meanwhile, higher concentrations of NO3-N and δ15N supported reduced denitrification in sediment samples after the dam removal (Lewis et al., 2021). Lewis et al. further confirmed that denitrification in riparian sediments did decrease after dam removal, but the N concentrations in groundwaters and stream waters did not increase (Lewis et al., 2021). Low DEA measurements contradicted the quantification of denitrifying genes in this study, and could be attributed to dormant denitrifying microorganisms in these sediments (Jones and Lennon, 2010). The qPCR approach we used did not differentiate between active vs. dormant denitrifiers. In addition, the fact that the anoxic sediments behind standing dam at Roller site contained higher concentrations of ammonium-N and lower nitrate-N (Figure 4; Inamdar et al., 2022) led us to infer that other nitrogen processes (such as dissimilatory nitrate reduction to ammonia, DNRA) could be influencing denitrification and associated microbial communities in the deeper sediments (Pandey et al., 2020; Wang et al., 2020; Inamdar et al., 2022; Peck et al., 2022). All these potential pathways and processes warrant further investigations. In fact, microbial communities and process rates for denitrification and DNRA associated with milldam sediments are currently being investigated in our ongoing projects and incubation experiments.




Conclusion

Taken together, our findings reveal important differences in the composition and distribution of bacteria/archaea and fungi in riparian legacy sediments above dams. Both prokaryotic communities and fungi show clear spatial patterns across watersheds and sediment depths. In addition to vertical gradients, microbial community assembly and distribution are also driven by location and co-current conditions, suggesting the microbiomes in the accumulated sediments record past human activities and contemporary land uses. Dam removal and associated changes in hydrologic and biogeochemical regimes reinforce depth distribution of soil microbiomes and influence microbial diversity, composition, and function. Our data support that dam removal enhanced nitrification. The discrepancy between the measured denitrification enzyme assay (DEA) and the quantification of nosZ genes (via qPCR) indicates the occurrence of dormant denitrifying microbes or other nitrogen-competing processes such as DNRA. Further research into how microbial communities and functions change after dam removal will improve our understanding of microbial ecology in fragmented river systems. Results will also provide valuable information and guidance to stakeholders and restoration projects.
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wid 8.29%10° 244x10°
wis 9.94x10° 777%10°

sampling stes: Sp1-5pS, Sul-SuS, Aul-AuS, and Wil-Wi5 represent five different sampling
fes in spring, summer, autumn and winter.
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df  %variation pvalue df  %variation pvalue df  %variation p-value

SR

Among seasons 1 p<005 1 -0 p>005 1 406 P<005
Among populations within seasons 6 472 p<005 6 766 P<005 6 389 p<005
within populations 502 9153 p<005 492 9244 p<00s 504 9205 P<005
col

Among seasons 1 197 p<005 1 1064 p>005 1 16.36 P<005
Among populations within seasons 6 ~208 p>005 6 372 p>005 6 28 p>005
within populations 130 100.1 p>005 167 8564 p<00s 177 85.64 <005

Within each reservoir, the populations were sa

mpled at four sites, and each site was sa

mpled in two seasons.
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Parameters  Units Min Max Ave SD n

Latitude ° 21.11 40.95 36
MD pwm 7.61 179.43 50.06 40.08 36
MC % 18.35 78.04 47.85 12.80 33
DOM Shannon 0.89 1.51 1.29 0.15 36
DGT-POy-P mg.L~! 0.00 0.45 0.07 0.12 33
DGT-NO3-N mg.L~! 0.06 0.41 0.14 0.08 33
DGT-NHy-N mg.L~! 0.00 0.46 0.03 0.08 32
DGT-Fe mg.L~! 0.02 5.50 0.66 1.32 33
SON gkg™! 0.14 37.53 5.51 858 35
SOC gkg! 0.69 338.22 44.28 65.87 36
SOC/SON 4.88 14.32 9.18 2.36 35
313Csoc Yoo —30.786  —20.449  —26.263 2471 36
315Nson Yoo —0.287 13.379 5.346 3.364 36
TLI 43.79 79.41 62.19 9.78 32
Chla pgL! 3.65 229.36 69.66 76.76 34
WT °C 21.0 36.0 29.0 3.0 34
pH 6.79 9.26 8.03 0.60 34
DO mgL~! 0.01 19.57 6.84 4.31 34
Sal o0 0 30.6 5.80 7.46 34
DOC mgL~! 0.87 46.88 8.80 10.01 35

Min, the minimum; Max, the maximum; Ave, the average; SD, standard deviation; n,
the number of measurements. Sediment-related index: sediment particle mean diameter
(MD); sediment moisture content (MC); a-diversity index of dissolved organic matter
(DOM Shannon); sediment organic nitrogen (SON); sediment organic carbon (SOC);
ratio of SOC to SON (SOC/SON); overlying water-related index: comprehensive trophic
level index (TLI); chlorophyll a (Chl a); water temperature (WT); dissolved oxygen (DO);
salinity (Sal); dissolved organic carbon (DOC).
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Water quality index
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The values are expressed as the means + SD (1
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