
Frontiers in Microbiology 01 frontiersin.org

The assembly processes and 
network characteristics of 
bacterial, fungal and archaeal 
communities in the middle 
Yangtze River and 
river-connected lakes
Fenglin Wang 1,2, Si Li 3*, Pinjian Li 1,2, Chuanzhe Feng 1,2, 
Zhijie Zhao 1,2, Yulong Yang 1,2, Fulei Han 1,2, An Xue 1,2, 
Zhenshan Li 1,2 and Peng Han 1,2*
1 Key Laboratory of Water and Sediment Sciences, Ministry of Education, College of Environmental 
Sciences and Engineering, Peking University, Beijing, China, 2 State Environmental Protection Key 
Laboratory of All Material Fluxes in River Ecosystems, Beijing, China, 3 Beijing Key Laboratory of 
Farmland Soil Pollution Prevention and Remediation, College of Resources and Environmental 
Sciences, China Agricultural University, Beijing, China

Despite the crucial ecological roles of bacterial, fungal and archaeal communities 
in rivers and lakes, their interactions and dynamic changes in large, hydrologically-
connected river–lake systems remain poorly understood. This study investigated 
the biogeographic patterns, assembly processes and co-occurrence network 
characteristics of bacterial, fungal and archaeal communities in the middle reaches 
of Yangtze River (MYR) and its two largest connected lakes, Dongting Lake (DTL) 
and Poyang Lake (PYL). Our results revealed significant spatial heterogeneity in 
microbial diversity and composition, with higher sedimentary microbial diversity 
in lakes than in the river. Stochastic processes, particularly dispersal limitation, 
dominated community assembly across all habitats. β-NRI analysis showed that 
deterministic processes were more influential for planktonic bacterial and archaeal 
communities in the lakes. Co-occurrence network analysis demonstrated that 
inter-domain cooperation was prevalent in PYL, whereas intra-domain interactions 
were more common in MYR and DTL, reflecting distinct hydrological connectivity. 
Keystone taxa differed between rivers and lakes, with rare taxa prevailing in MYR 
and both rare and abundant taxa contributing in lakes. Our findings highlight how 
connectivity and flow dynamics fundamentally shape microbial ecology, providing 
insights into for the management and conservation of large river–lake ecosystems.
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1 Introduction

Microorganisms play a fundamental role in nutrient transformation, organic matter 
decomposition and energy flow in river and lake ecosystems (Wu et al., 2013; Staley et al., 
2014). The composition of microbial communities in rivers and lakes are influenced by a 
combination of factors including upstream water inflow, seasonal variations and human 
activities (Liu et al., 2018). Among different microorganisms, most studies primarily focus on 
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the dynamic changes of bacterial communities in response to 
environmental pressures (Bai et al., 2020; Liu et al., 2020; Payne et al., 
2020; Gao et al., 2021; Zhang Y. et al., 2022; Liu et al., 2024), with little 
attention paid to other microorganisms such as fungi and archaea. 
Fungi and archaea are vastly different from bacteria in regard to their 
morphological traits, growth rates, environmental sensitivities, and 
substrate utilizations (Hannula et al., 2017). Recently, although the 
importance of fungal community (Chen et al., 2020; Gu et al., 2024) 
and archaeal community (Tang et al., 2025) have been reported, the 
symbiotic patterns of bacterial, fungal, and archaeal communities in 
changing environments remain poorly understood.

Understanding the intra- and inter-community interactions and 
assembly mechanisms of bacterial, fungal and archaeal communities 
is critical for deciphering structure and functional stability (Zhou and 
Ning, 2017). Most previous studies have focused on microbial 
communities in river sections, isolated lakes, reservoirs or coastal 
waters with variations in season and pollutant discharge (Kraemer 
et al., 2020; Liao et al., 2020; Liu et al., 2022; Zhang T. et al., 2022). In 
isolated lakes, stronger associations could be formed among bacteria, 
fungi and archaea under the stronger environmental stress (Zhang 
et al., 2025). Deterministic processes drive the bacterial (Bai et al., 
2020) and archaeal (Tang et  al., 2020) community assemblies in 
isolation lakes. Nevertheless, river and its connected lakes constitute 
a hydrologically-connected ecosystem with frequent water and 
sediment exchange (Vannote et  al., 1980). Under such dynamic 
hydrological conditions, the improvement of connectivity significantly 
intensify the complexity of interactions among bacterial, fungal, and 
archaeal communities resulting from cooperative and competitive 
strategies. The differences in the assembly patterns of microbial 
communities between rivers and river-connected lakes remain 
poorly understood.

The Yangtze River is the world’s third-longest river and the top 
longest river in China, spanning 6,363 km with a catchment area 
exceeding 1.8  million km2. The middle reaches of Yangtze River 
(MYR), joined by its two large lakes [Dongting Lake (DTL) and 
Poyang Lake (PYL)], constitute one of the most complex and 
biologically diverse freshwater ecosystems in China (Wang et  al., 
2019). DTL is a flood basin of the Yangtze River, with strong 
fluctuation of the water level and surface area at different seasons. 
PYL, as the largest freshwater lake in China, receives five tributaries 
from the south and flows northward into the Yangtze River through a 
channel (Huang et al., 2022). PYL had often experienced reverse flow 
from the Yangtze River in flood season (Ye et al., 2012). However, the 
operation of the Three Gorges Dam on the upper Yangtze River in 
recent years has significant impacts on the water level in MYR (Yang 
et al., 2019) and its connected lakes (Lai et al., 2014). With the decrease 
in the riverbed of the Yangtze River, DTL received less water from the 
Yangtze River while PYL experienced a dramatic recession (Dai and 
Liu, 2013). These alterations in the hydrological regime will directly 
affect the interactions of microbial communities in the MYR and its 
connected lakes, which is of great importance for the balance of the 
river–lake ecosystem.

In this study, we collected water and sediment samples from 
MYR, DTL, and PYL, and investigated the dynamic interactions 
among bacterial, fungal and archaeal communities at high-water and 
low-water periods. The aims of this study are to (i) elucidate the 
differences in microbial community diversity and composition 
between MYR and its connected lakes; (ii) identify the assembly 

processes and primary driving factors of river–lake microbial 
communities; (iii) assess the intra- and inter- interactions of 
bacterial, fungal, and archaeal communities in the river–
lake ecosystem.

2 Materials and methods

2.1 Study area and sample collection

Water and sediment samples were collected in August 2023 (high-
water period) and January 2024 (low-water period) from MYR 
(MYR1–MYR8), DTL (DTL1–DTL9) and PYL (PYL1–PYL6) 
(Figure 1; Supplementary Table S1). A total of 45 water samples and 
44 sediment samples were obtained. Water and sediment samples 
from MYR4, and sediment samples from MYR8 were not collected 
due to the difficulty of collecting in August 2023 (MYR4 is a finless 
porpoise nature reserve, and we did not obtain an access permit in 
August 2023. The riverbanks on both sides of the Yangtze River at 
MYR8 were under construction, and there were no sediments could 
be collected in August 2023).

At each sampling site, grab sample of 17 L surface water was 
collected by using brown sterile bottles at 0.5 m below the water 
surface. Surficial sediment samples were collected by using a 
Peterson grab in DTL and PYL, and through the lead fish on the 
hydrographic ship in the MYR with the assistance of the staff from 
the Changjiang Water Resources Commission. Water and 
sediment samples were kept on ice and transported to laboratory 
within 24 h.

Water samples of 12 L were filtered through 0.22 μm hydrophilic 
nylon membranes (Merck Millipore, USA) for environmental DNA 
(eDNA) analysis (Li et al., 2018). The 1 L water sample was filtered 
through a 0.7 μm glass fiber membrane (GF/F, Whatman, UK) for 
chlorophyll analysis. The membranes were stored at −80 °C until 
DNA extraction and chlorophyll measurement. Sediment samples for 
eDNA analysis were instantly put into sterile centrifuge tubes and 
stored at −80 °C until DNA extraction (Ji et al., 2022). Water sample 
of 4 L were stored below 4 °C for water quality analyses (Xu 
et al., 2023).

2.2 Measurements of environmental 
variables

For water samples, 14 environmental variables were measured. 
All the measurements were completed within 7 days after collecting, 
following the national standard methods, which were issued by the 
Ministry of Agriculture and Rural Affairs of the People’s Republic 
of China and the Ministry of Ecology and Environment of the 
People’s Republic of China. During field sampling, we measured 
water temperature, pH, dissolved oxygen (DO), oxidation–
reduction potential (Eh) and conductivity on-site with a multi-
parameter water quality tester (VZ86031BZ3, AZ Instrument Corp., 
Taiwan China). Suspended solids (SS, GB 11901-89), permanganate 
index (CODMn, GB 11892-89), ammonia nitrogen (NH4

+-N, HJ 
535-2009), nitrate nitrogen (NO3

−-N, HJ/T 346-2007), nitrite 
nitrogen (NO2

−-N, HJ/T 346-2007), total nitrogen (TN, HJ 
636-2012), total phosphorus (TP, GB 11893-89), total organic 
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carbon (TOC, HJ 501-2009) and chlorophyll-A (Chl, HJ 897-2017) 
were analyzed in laboratory. For sediment samples, we analyzed in 
laboratory for pH, NH4

+-N, NO3
−-N, TN, TP and sediment organic 

carbon (SOC).

2.3 PCR amplification, sequencing and 
bioinformatics analysis

Multiple PCR assays were conducted at a commercial laboratory 
(Majorbio, Shanghai, China). Briefly, the V3–V4 region of the 
bacterial 16S rDNA gene was amplified using universal primers 338F 
(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACH 
VGGGTWTCTAAT-3′) (Ye et al., 2017), while the primers targeting 
the V4–V5 region of the archaeal 16 s rDNA gene were 524F10extF 
(5′-TGYCAGCCGCCGCGGTAA-3′) and Arch958RmodR (5′-YC 
CGGCGTTGAVTCCAATT-3′) (Chen et al., 2019). The ITS1 region 
of the fungal ribosomal internal transcribed spacer region was 
amplified using universal primers ITS1F (5′-CTTGGTCATTTAG 
AGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) 
(Gill et  al., 2020). The PCR program consisted of an initial 
denaturation at 95 °C for 3 min, followed by 27 cycles of denaturing 
at 95 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 
45 s, and single extension at 72 °C for 10 min, and end at 4 °C. For 
each eDNA extract, PCR was performed in triplicate. PCR products 
were analyzed using 2% agarose gel electrophoresis to confirm 
successful amplification. Subsequently, the PCR products of the same 
primers were pooled in equal volumes and purified using the AxyPrep 
DNA Fragment Purification Kit (Axygen Biosciences, Union City, CA, 
USA), and quantified using QuantiFluor™-ST (Promega, USA). The 
samples were normalized to equimolar amounts in the final mixture 
and sequenced using the strategies of PE250 (paired-end sequenced 

250 × 2) on an Illumina MiSeq platform (Majorbio Company 
in Shanghai).

Raw FASTQ files were de-multiplexed using an in-house perl 
script, and then quality-filtered by Fastp v0.19.6 (Chen et al., 2018) 
and merged by FLASH v1.2.11 (Magoc and Salzberg, 2011) with the 
following criteria (Caporaso et al., 2010). The standards for quality 
filtering and merging can be found in Supplementary Text S1. The 
optimized sequences were clustered into operational taxonomic 
unit (OTU) using UPARSE v11 (Edgar, 2010) with 97% sequence 
similarity level, and chimeric sequences were identified and 
removed using UCHIME (Edgar, 2013). The most abundant 
sequence for each OTU was selected as a representative sequence. 
The bacterial and archaeal sequences were classified using the 
SILVA reference database (Release138) (von Hoyningen-Huene 
et al., 2019), and the taxonomic identity of fungal sequences was 
queried using the UNITE (Release 8.0) ITS (Chen et  al., 2020) 
reference database. To minimize the effects of sequencing depth on 
alpha and beta diversity measures, all samples were rarefied based 
on the lowest sequence depth.

2.4 Quantification and statistical analysis

The α diversity was calculated using Mothur v1.30.2. The 
calculation of β diversity, nonmetric multidimensional scaling 
(NMDS) analysis, analysis of similarities (ANOSIM), distance-decay 
analysis, β-net relatedness index (β-NRI), Raup-Crick index (RC) 
were performed using R v4.3.1. The Mann–Whitney U test was 
conducted using Origin 2024b. The co-occurrence networks were 
constructed using R v4.3.1, while network rendering and visualization 
were implemented with Gephi v0.10. Detailed quantification and 
statistical analysis methods can be found in Supplementary Text S2.

FIGURE 1

Location of sampling sites in middle reaches of Yangtze River (MYR), Dongting Lake (DTL), and Poyang Lake (PYL).
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3 Results

3.1 DNA sequencing results and 
environmental variables

For all water and sediment samples, a total of 6,621,223 
high-quality sequence reads for bacteria, 7,188,460 for fungi and 
6,419,729 for archaea were obtained after quality filtering 
(Supplementary Table S2). These high-quality reads were clustered 
into 58,522, 25,414, and 14,617 different OTUs for bacteria, fungi and 
archaea, respectively (Supplementary Figure S1a). 91% OTUs of 
bacteria, 38% OTUs of fungi and 95% OTUs of archaea were 
successfully annotated to phylum level. The rarefaction curves showed 
clear asymptotes (Supplementary Figure S1b), which together indicate 
a near-complete sampling of the community (Ye et al., 2017). The 
environmental variables of different sampling sites are shown in 
Supplementary Figure S2 and Supplementary Table S1.

3.2 Alpha and beta diversity

Alpha diversities of microbial communities, as evaluated by 
Ace, Chao1, Coverage, Shannon, Simpson, and Sobs indices, are 
shown in Supplementary Table S3. Most alpha diversity indices 
showed consistent statistical trends. Overall, sedimentary microbial 
diversity in river-connected lakes was significantly higher than in 
rivers (Supplementary Figure S3). Among different microbial 
groups, bacteria exhibited significantly higher diversity index 
than that of fungi and archaea in sediment samples 
(Supplementary Figure S3), indicating that bacterial communities 

had the highest diversity and dominated the microbial communities 
in sediment. Comparing different sampling sites, insignificant 
difference was observed in planktonic microbial diversity between 
MYR and its connected lakes, while alpha diversity of bacteria 
significantly differed in MYR, DTL, and PYL sediment (Figure 2a). 
In addition, DTL sediment had higher alpha diversity of fungi and 
archaea than that in MYR and PYL. This result is consistent with 
the species numbers obtained through high-throughput sequencing 
across different areas (Supplementary Figure S1a).

NMDS analysis revealed that bacterial, fungal, and archaeal 
communities had significant compositional variations among MYR, 
DTL, and PYL in both water and sediment samples (Figure  2b; 
Supplementary Figure S4a). ANOSIM analysis confirmed the 
significant differences in bacterial, fungal, and archaeal compositions 
in MYR and its connected lakes in both high-water period (Figure 2c) 
and low-water period (Supplementary Figure S4b). In high-water 
period, the microbial communities in DTL and PYL sediment were 
more likely to form two separated clusters than that in low-water 
period. But in low-water period, the planktonic microbial 
communities from DTL and PYL tended to separate from each other. 
In MYR, due to the long distance of each sampling sites, the inter-
group differences were higher than that in DTL and PYL.

3.3 Community composition

The relative abundance of bacterial, archaeal and fungal 
communities at a phyla level is shown in Figure 3. For planktonic 
bacteria, Actinobacteriota, Proteobacteria, and Cyanobacteria had 
the highest relative abundance, with an average relative abundance 

FIGURE 2

Alpha and beta diversity of bacterial, fungal and archaeal communities in MYR, DTL, and PYL. Shannon index (a). Nonmetric multidimensional scaling 
(NMDS) analysis based on Bray–Curtis dissimilarity in high-water period (b). ANOSIM analysis in high-water period (c).

https://doi.org/10.3389/fmicb.2025.1701799
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2025.1701799

Frontiers in Microbiology 05 frontiersin.org

of about 80% cumulatively (Figure  3a). In sedimentary bacteria, 
Proteobacteria, Actinobacteriota, Acidobacteriota, and Chloroflexi 
dominated, with a cumulatively average relative abundance 
exceeding 60% (Figure 3b). In the river–lake system, DTL and PYL 
exhibited higher relative abundance of Cyanobacteria in both high-
water period (40.5% in DTL and 25.2% in PYL) and low-water 
period (16.7% in DTL and 18.3% in PYL) than MYR (16.9% in high 
water period and 16.5% in low-water period). Notably, high 
abundance of planktonic Firmicutes was detected in MYR7 in high-
water period and MYR7, MYR8, DTL6, and DTL7  in low-water 
period (Figure 3a).

For fungal communities, unclassified, Chytridiomycota, and 
Ascomycota dominated in water samples, with the relative abundances 
of 41.0%, 36.3%, and 12.1%, respectively (Figure 3a). A higher relative 
abundance of Basidiomycota was observed in planktonic fungi in 
MYR7, MYR8, DTL7, and PYL6 in low-water period. Unclassified and 
Ascomycota were the dominant phyla in sedimentary fungi 
(Figure 3b). A higher relative abundance of Rozellomycota was found 
in sedimentary fungi in DTL in high-water period.

For archaeal communities, Crenarchaeota exhibited higher 
relative abundance in both planktonic and sedimentary archaea across 
all areas, ranging from 5.00%–99.03% and 33.66%–83.97%, 
respectively (Figures  3a,b). Specially, the relative abundance of 
Euryarchaeota in DTL water was increased in low-water period 
(1.84%–49.14%) than in high-water period (1.54%–42.93%). In 
contrast, the relative abundance of Euryarchaeota in PYL water was 
greatly higher in high-water period (12.45%–47.58%) than in 
low-water period (2.19%–14.47%).

3.4 Ecological processes and 
distance-decay relationships

The β-NRI index was used to evaluate the ecological processes 
of microbial communities in MYR, DTL, and PYL. Stochastic 
processes dominated the community assembly of bacteria, fungi 
and archaea in the river–lake system (Figures 4a,b), with dispersal 
limitation generally playing a dominant role. In MYR, similar 
assembly processes were observed for planktonic bacterial, fungal 
and archaeal communities, with the order of dispersal limitation 
(53.7%–86.3%) > drift (12.8%–38.8%) (Figure  4a). A similar 
phenomenon was observed in the assembly mechanisms for 
bacterial, fungal and archaeal communities in MYR sediment in 
low period (Figure 4b). However, homogeneous selection (41.5%) 
become more prominent than drift in shaping the bacterial 
community, while drift predominantly influenced the fungal and 
archaeal communities in MYR sediment in high period 
(Figure  4b). Compared to the MYR, deterministic processes 
including homogeneous selection and heterogeneous selection 
had a higher influence in planktonic bacterial and archaea 
communities in DTL and PYL, but lower influence in planktonic 
fungal communities (Figure 4a). In DTL and PYL sediment, drift 
had a greater impact on all communities than in MYR in the two 
seasons (Figure 4b).

Significant distance-decay relationships were observed in 
bacterial, fungal and archaeal communities during high-water and 
low-water period (p < 0.0001, Figures  4c,d). With increasing 
geographic distance and environmental heterogeneity, Bray-Curtis 

FIGURE 3

Relative abundance of bacterial, archaeal, and fungal communities at a phyla level in water (a) and sediment (b) samples.
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distance (community dissimilarity) significantly increased 
across all the three microbial communities, indicating that 
community differentiation was jointly influenced by geographic 
dispersal limitations and environmental selection (Chen et al., 
2020). The effects of geographic distance and environmental 
variables were higher in bacterial (SlopeGeo-bac = 6.39 × 10−4–
8.05 × 10−4, SlopeEnv-bac = 0.0489–0.0603) and archaeal 
(SlopeGeo-arc = 5.98 × 10−4–6.08 × 10−4, SlopeEnv-arc = 0.0431–0.0584) 
communities compared to fungal community 
(SlopeGeo-fun = 1.95 × 10−4–2.87 × 10−4, SlopeEnv-fun = 0.0129–
0.0355). Additionally, the relationship between geographic 
distance and microbial community similarity (R2

average = 0.20) was 
stronger than that between environmental variables and microbial 
community similarity (R2

average = 0.11), indicating that geographic 
distance imposed greater dispersal limitations on microbial 
communities. At different seasons, the bacterial, fungal and 
archaeal communities were more significantly influenced by 

geographic distance and environmental variables in high-water 
period than in low-water period.

3.5 Co-occurrence network

To explore the symbiotic patterns of bacterial, fungal, and archaeal 
communities in the river–lake system, we constructed co-occurrence 
networks for planktonic and sedimentary microbes in high-water and 
low-water periods (Figures 5a,b). In the co-occurrence networks of 
different microbial groups, bacterial communities exhibited higher 
number of nodes than fungi and archaea (Figure 5c). In MYR and 
DTL, intra-domain cooperation accounted for a higher proportion, 
while inter-domain cooperation played a dominant role in PYL 
(Figure 5d). The cooperation between bacteria community accounted 
for the highest proportion in water, while the proportion of 
cooperation between fungi community increased significantly in 

FIGURE 4

The proportions of individual assembly processes of planktonic (a) and sedimentary (b) microbial communities in different areas. Distance-decay 
relationships between microbial communities based on Bray–Curtis similarity and geographic distance (c), environmental variables (d). The 
environmental dissimilarity was calculated by Euclidean distance. *** means the p< 0.001 in linear regression analysis.
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sediments. The network topology parameters showed that the 
planktonic microbial networks of DTL and PYL had higher network 
density and lower modularity in both high-water and low-water 
period, while MYR had higher network density in sedimentary 
networks (Supplementary Table S4). The Venn diagram 
(Supplementary Figure S5) showed that there were more overlapped 
nodes between DTL and MYR than that between PYL and MYR.

The Zi-Pi analysis showed that 220, 199, and 88 OTUs were 
identified as keystone taxa in MYR, DTL, and PYL, respectively, 
during high-water period (Figure 6), while 273, 205, and 271 OTUs 
were identified as keystone taxa during low-water period 

(Supplementary Figure S6). Among the keystone taxa in MYR and 
PYL, bacteria occupied the main position in the two seasons, followed 
by archaea in high-water period and fungi in low-water period. While 
in DTL, archaea occupied the main position in both high-water and 
low-water period. The betweenness centrality of each keystone token 
was calculated (Vick-Majors et al., 2014), and the top 20 OTUs in each 
area were selected and shown in Supplementary Table S5. In MYR, the 
key bacterial taxa belonged to low-abundance phyla such as GAL15, 
SAR324_cladeMarine_group and MBNT15. In DTL, the keystone taxa 
were primarily from the phyla Acidobacteriota and Bacteroidota 
among bacteria, Basidiomycota and Rozellomycota among fungi and 

FIGURE 5

The microbial co-occurrence networks during the high-water period (a) and low-water period (b) in MYR, DTL, and PYL. The blue, red, and yellow 
nodes indicate bacterial, fungal and archaeal nodes, while red and green edges represent positive and negative relationships among the OTUs in the 
network, respectively. The number of bacterial, fungal and archaeal nodes in the networks (c). The proportion of B(bacteria)-B, F(fungi)-F, A(archaea)-A, 
B-F, B-A and F-A edges in the networks (d).
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Crenarchaeota among archaea, which were characterized by higher 
abundance. In PYL, the main keystone taxa in high-water period 
consisted of 16 bacteria and 4 fungi, while in low-water period, they 
included eight bacteria, 2 fungi and 10 archaea.

4 Discussion

4.1 The differentiation of community 
structure driven by hydrodynamic 
conditions and environmental factors

Notable differences in microbial community diversity and 
composition were observed between MYR and its connected lakes. 
The α diversity of bacteria, fungi, and archaea in sediment was 
significantly higher than that in the water (Supplementary Figure S3), 
which had the same response of different α diversity indices. Among 
all bacterial OTUs, only 13.7% were exclusive to planktonic bacteria, 
whereas this proportion reached 68.3% in sedimentary bacteria. It was 
consistent with the results of previous studies conducted in the entire 
Yangtze River Basin (Liu et al., 2018) and the Mississippi River (Staley 
et al., 2016), emphasizing that sedimentary microbial communities are 
the primary contributors to microbial diversity in rivers and river-
connected lakes. In addition, higher α diversity was observed in DTL 
sedimentary bacteria, fungi, archaea and in PYL sedimentary bacteria 
compared to MYR (Figure 2a), because that the longer water retention 
time in lakes favors the colonization and growth of microbial 
communities. A previous study reported that the middle Yangtze 
River had a stable flow velocity of approximately 1.2 m/s, whereas the 
water flow velocity in river-connected lakes was only 0.2 –0.3 m/s (Lai 
et al., 2025). Therefore, the high flow velocity of the Yangtze River’s 
main channel creates a scouring effect on the riverbed, preventing the 
proliferation and aggregation of microorganisms in localized areas, 

which is unfavorable for the formation of rich microbial communities 
(Lai et al., 2025). But the connectivity between the river and river-
connected lakes facilitates the migration and dispersal of planktonic 
microorganisms, contributing to the insignificant differences in 
planktonic microbial diversity (Figure 2a).

Differences in flow velocity between the river and river-connected 
lakes also led to variations in microbial community composition. The 
high flow velocity and low suspended particulate matter in the Yangtze 
River’s mainstream favored the dominance of rapidly growing 
bacterial phyla such as Actinobacteriota and Proteobacteria (Liu et al., 
2023). Actinobacteriota and Proteobacteria were dominant in the 
planktonic and sedimentary microbial communities, respectively, 
which is consistent with previous findings (Staley et al., 2013; Zhang 
et al., 2020). The members of these two phyla actively participate in 
various biogeochemical cycles within aquatic ecosystems (Zhang 
et al., 2013). In contrast, the slower water flow, sediment resuspension 
and nutrient retention in river-connected lakes promoted the 
proliferation of Cyanobacteria (Cao et  al., 2017) and archaea, 
particularly Crenarchaeota (Yue et  al., 2022) (Figure  3). Notably, 
Cyanobacteria were abundantly detected in river-connected lakes, 
especially in DTL during summer (Figure 3b), due to the sufficient 
sunlight and suitable water temperature in summer 
(Supplementary Figure S1c). It was reported that suitable temperatures 
(15.1 °C–35 °C, and reaches peak at 33 °C) could greatly promote the 
growth of Cyanobacteria (Li et al., 2016). In addition, the main body 
of DTL exhibits clear spatial partitioning, including West, South, and 
East DTL with narrow waterway connecting, which leads to extended 
water retention time in each lake area (Gao et al., 2021). Moreover, the 
significantly higher concentrations of TOC, CODMn, NH4

+-N, and TP 
in DTL and PYL (Supplementary Figure S2a) resulting from the 
intensified human activities increases the risk of eutrophication. As 
reported, PYL is influenced by industrial wastewater discharge (Teng 
et al., 2010) and agricultural nonpoint source pollution (Li et al., 2023).

FIGURE 6

Identification of keystone taxa in bacterial, fungal and archaeal communities during the high-water period based on Zi-Pi.
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A higher relative abundance of Firmicutes was detected, with over 
80% belonging to the classes Clostridia and Bacilli at MYR7 (high-
water period) and MYR7, MYR8, DTL6, and DTL7 (low-water 
period). Firmicutes, which are Gram-positive heterotrophic bacteria 
involved in nutrient cycling, are a major microbial phylum commonly 
found in sediment of polluted areas, and some species within this 
phylum have been proposed as effective indicators of fecal 
contamination (Yildirim et  al., 2018). In our study, the relative 
abundance of Firmicutes increased steadily along DTL5-
DTL6-DTL7  in low-water period (Figure  3a), and significantly 
decreased after merging into the MYR due to the dilution effect of the 
upstream water. Additionally, it was found that in river-connected 
lakes, when tributaries flow into PYL (PYL1 and PYL5, respectively) 
or when river-connected lakes merge with the mainstream (DTL and 
PYL flow into the Yangtze River at DTL7 and PYL6, respectively), the 
microbial community composition changed greatly from adjacent 
sampling sites (Figure 3). This may be due to differences between the 
microbial communities of the river (tributary) and lake waters. The 
original microbial composition could be altered upon mixing (Xiao 
et al., 2024).

4.2 Driving factors and ecological 
mechanism of microbial community 
assembly

At all sampling sites, the microbial community assembly processes 
were predominantly governed by stochastic processes, with dispersal 
limitation playing a dominant role, followed by drift and homogeneous 
selection (Figures 4a,b). This suggests that the migration barriers on 
the spatial scale and the random increase or decrease in microbial 
population sizes (stochastic birth, death, or migration) is crucial for 
community assembly. This finding is consistent with previous findings 
(Chen et al., 2023). For example, the assembly of planktonic bacterial 
communities in 49 lakes in Paris, France were controlled by stochastic 
processes (Roguet et  al., 2015). In streams and lakes in southern 
Sweden, stochastic processes explained up to 85% of the microbial 
community assembly (Östman et al., 2009). The planktonic bacterial 
communities were significantly less influenced by homogeneous 
selection compared to fungal and archaeal communities. This can 
be  attributed to the fact that bacteria generally prioritize rapid 
reproduction and resource acquisition, exhibiting broad 
environmental adaptability without reliance on specific ecological 
niches (Malard et al., 2022). In contrast, fungi and archaea tend to 
have stable survival and competition within specific environments, 
occupying narrower ecological niches, which makes them more 
susceptible to dispersal limitation and heterogeneous selection (Tang 
et al., 2025).

River-connected lakes are extensions of the river, whose water 
volume and quality are influenced by inflows from tributaries and 
regulation from the mainstream. Despite having lower water flow 
velocities compared to the mainstream, river-connected lakes still 
maintain considerable water movement and short lake water residence 
time. Consequently, microbial community assembly in these lakes 
remains primarily governed by stochastic processes. A study in 
Danjiangkou Reservoir, a typical river-connected lake, revealed that 
eukaryotic plankton were predominantly influenced by stochastic 
processes, due to the interconnected habitats characterized by frequent 

water exchange with the water diversion project (Zhu et al., 2025). 
However, studies in Bosten Lake (Tang et al., 2020) and Chaohu Lake 
(Zhang et al., 2020) reported that deterministic processes dominated 
in isolated lake ecosystems, likely due to the distinct environmental 
conditions in these lakes. Bosten Lake is a typical inland saline lake 
located in northwest China, where the high salinity imposes strong 
selective pressure on microbial communities. Chaohu Lake, although 
situated in the middle and lower reaches of the Yangtze River, is not 
directly connected to the river. It is heavily affected by human activities 
and suffers from severe pollution and eutrophication. Despite its 
connection to other water systems through numerous tributaries, the 
slow water renewal rate leads to persistent environmental stress, 
making deterministic processes more influential in shaping microbial 
communities (Zhang et al., 2020).

Our study found that the explanatory power of geographic 
distance on microbial community differences (R2 = 0.08–0.32, 
Figure  4c) was significantly higher than that of environmental 
variables (R2 = 0.01–0.20, Figure 4d), highlighting the role of dispersal 
limitation in community assembly. These results showed that the 
planktonic microbial communities were affected by dispersal 
limitation in both river and river-connected lakes (Figure 4a). This 
phenomenon may be attributed to the strong fluidity in both river and 
river-connected lakes. As water flows downstream, microorganisms 
are transported via water currents (Liu et al., 2024), and the increasing 
geographic distance amplifies the difficulty of microbial dispersal. The 
geographic distance-decay relationships of bacteria and archaea were 
more significant than that of fungi. This can be mainly attributed to 
two reasons: (1) the spores produced by fungi can migrate with river 
for a long distance, reducing the impact of geographic distance on 
community similarity (Heaton et al., 2020; Zhang S. et al., 2022); (2) 
the proportion of fungi successfully annotated was significantly lower 
than that of bacteria and archaea, leading to weak fungal community 
differences among different sampling sites. Nevertheless, 
environmental variables still played a role in shaping community 
composition through localized selection pressures. As the river 
mainstream flows different landscapes and ecosystems, environmental 
variables are more susceptible to variations caused by changes in 
elevation, inflowing tributaries and human activities. These factors 
lead to more significant environmental disturbances, which contribute 
to the formation of distinct microbial communities (Doherty 
et al., 2017).

4.3 Co-occurrence network characteristics 
of bacteria, fungi and archaea

The complexity and connectivity of planktonic microbial 
co-occurrence networks were significantly higher in river-connected 
lakes compared to the MYR (Figures 5a,b). In high-water period, PYL 
exhibited the highest network density and the largest number of edges, 
suggesting stronger functional redundancy and cooperative 
interactions (Röttjers and Faust, 2018). This may be attributed to the 
relatively stable habitat and higher resource availability in river-
connected lakes. The robustness analysis (Supplementary Figure S7) 
exhibited that the bacterial and fungal communities in river-connected 
lakes has a higher network stability, which supports the findings. In 
contrast, the lower network density observed in the MYR reflect the 
characteristics of stochastic community assembly, which is consistent 
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with the ecological instability caused by frequent hydrological 
disturbances. Intra-domain cooperation dominated in MYR and DTL, 
while inter-domain cooperation dominated in PYL. Additionally, more 
overlapped nodes between DTL and MYR than that between PYL and 
MYR due to the different recharge relationships between the two lakes 
and MYR. DTL receives part of the water from the main stream of the 
Yangtze River (Liao et  al., 2023), resulting similar networks with 
MYR. However, the backflow from the Yangtze River to PYL rarely 
happens in recent years due to the riverbed descending of the Yangtze 
River (Dai and Liu, 2013), which makes PYL a unidirectional-flowing 
lake, thus leading to lower similar networks with MYR.

The Zi-Pi analysis showed that there were significant differences 
in keystone taxa between MYR and river-connected lakes. In MYR, 
most of the keystone taxa were rare taxa (relative abundance <0.1% in 
all samples) (Dai et al., 2022), whereas in river-connected lakes, some 
keystone taxa were abundant taxa (relative abundance ≥0.1% in over 
50% samples, and occurred in more than 80% samples) (Dai et al., 
2022) (Supplementary Table S5). Although rare species have low 
abundance within microbial communities (less than 0.1%), they 
support vulnerable functions due to high functional redundancy 
(Mace et  al., 2013; Zhang et  al., 2024). This further supports the 
predominant role of stochastic processes in microbial community 
assembly. The betweenness centrality analysis found the keystone taxa 
(Supplementary Table S5), which played important roles in ecosystem 
like photosynthesis, nitrification and denitrification. The ecological 
functions performed by these keystone taxa are of great ecological 
importance, contributing to the stability of microbial communities.

4.4 Limitations and future directions

This study has limitations. First, the eDNA sample collection was 
conducted only during the high-water and low-water, and multi-
seasonal sampling may be  needed to comprehensively assess the 
interannual variations in microbial communities. Second, although 
we  highlighted the influence of human activities on microbial 
communities, quantification of the contributions of various 
anthropogenic stressors, such as industrial wastewater discharge and 
agricultural non-point source pollution is still challenging. However, 
we avoided high-pollution areas during the sampling campaign, such 
as wastewater treatment plants and chemical factories, to reduce the 
spatial heterogeneity caused by point source pollution. This study 
mainly focused on the spatial distribution characteristics of 
microorganisms, with an emphasis on comparing bacterial, fungal, 
and archaeal community differences caused by geographic distance 
and hydrological features between the river and river-connected lakes. 
The interannual variation of microbial communities and the influence 
of anthropogenic pollution on bacterial, fungal, and archaeal 
communities in the Yangtze River mainstream and river-connected 
lakes need further studies. Third, our study primarily focused on the 
taxonomic and assembly-based perspectives of microbial 
communities. While our findings on community composition, 
keystone taxa, and network interactions provide strong implicit 
evidence for potential functional differences, direct verification 
through metagenomic or metatranscriptomic analyses is warranted in 
the future to explicitly link the observed structural patterns to 
ecosystem functions, such as nutrient cycling and organic matter 
degradation. Such functional insights will be crucial for a predictive 

understanding of how river–lake ecosystems respond to anthropogenic 
and natural disturbances.

5 Conclusion

This study reveals the assembly and network characteristics of 
bacterial, fungal and archaeal communities using eDNA technology 
in a typical hydrologically-connected river–lake ecosystem. Significant 
spatial heterogeneity in microbial diversity and community 
composition was found between the MYR and its connected lakes of 
DTL and PYL, revealing that hydrological connectivity and flow 
dynamics are critical drivers of microbial community structure in this 
ecosystem. Stochastic processes, particularly dispersal limitation, 
dominated the microbial assembly across all sites. The high flow 
velocity in the MYR limited sedimentary microbial diversity, while the 
greater water retention in the lakes supported richer communities. 
DTL, with its strong hydrological exchange with the river, exhibited 
network traits and intra-domain cooperation similar to MYR. In 
contrast, PYL, characterized by weaker connectivity and 
predominantly unidirectional flow, developed distinct inter-domain 
cooperation and lower species overlap with the MYR.

This study provides broader implications for the conservation and 
management of large river–lake ecosystems. Our findings underscore 
the importance of maintaining natural hydrological connectivity to 
preserve microbial diversity and ecosystem functioning, which are 
essential for nutrient cycling, pollutant degradation, and overall 
ecosystem health. The distinct microbial assembly patterns and 
network structures observed between the river and lakes also suggest 
that hydrological regulation strategies should consider their potential 
impacts on microbial communities and associated ecological 
processes. Furthermore, this study demonstrates the utility of eDNA-
based approaches for monitoring microbial responses to 
environmental changes, offering a valuable tool for assessing 
ecosystem health under anthropogenic pressures. These insights are 
not only relevant for the Yangtze River basin but also applicable to 
other large river–lake systems worldwide, supporting future efforts in 
ecological restoration, biodiversity conservation, and sustainable 
water resource management under global change scenarios.
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