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Microbiome analysis in Asia’s largest watershed
reveals inconsistent biogeographic pattern and
microbial assemblymechanisms in river and lake systems

Xi Liu,1,5 Lu Zhang,2,4,5 Yingcai Wang,1 Sheng Hu,1 Jing Zhang,1 Xiaolong Huang,1 Ruiwen Li,1 Yuxin Hu,1,*

Huaiying Yao,3 and Zhi Wang2,6,*
SUMMARY

Microorganisms are critical to the stability of aquatic environments, and understanding the ecolog-
ical mechanisms of microbial community is essential. However, the distinctions and linkages across
biogeographic patterns, ecological processes, and formation mechanisms of microbes in rivers and
lakes remain unknown. Accordingly, microbiome-centric analysis was conducted in rivers and
lakes in the Yangtze River watershed. Results revealed significant differences in the structure
and diversity of microbial communities between rivers and lakes, with rivers showing higher diver-
sity. Lakes exhibited lower community stability, despite higher species interactions. Although deter-
ministic processes dominated microbial community assembly both in rivers and lakes, higher sto-
chastic processes of rare and abundant taxa exhibited in rivers. Spatial factors influenced river
microbial community, while environmental factors drove differences in the lake bacterial commu-
nity. This study deepened the understanding of microbial biogeography and formation mechanisms
in large watershed rivers and lakes, highlighting distinct community aggregation patterns between
river and lake microorganisms.

INTRODUCTION

Rivers and lakes are vital components of the hydrological cycle and essential sources of fresh water, providing resources for human industrial

and agricultural production andmaintaining ecosystem functions.1,2 However, these aquatic ecosystems have been severely degraded by the

increased disturbance from anthropogenic activities and global environmental changes.2,3 As the functional basis of aquatic ecosystems, mi-

crobes participate in maintaining the stability of the structure and function of aquatic ecosystems.4,5 The microbial communities in the river-

lake ecosystem have been widely studied worldwide.6 Many independent studies on aquatic microbes have been carried out in river water-

sheds, lakes, and freshwater reservoirs.7–12 However, although some studies have been conducted on microbes in rivers and lakes, limited

comparative studies have focused on a complete watershed, especially the river and lake systems of one of the largest watersheds in the

world. It is unclear whether there are differences in the biogeographic patterns, mechanisms of community construction, and responses to

anthropogenic activities of microbes between rivers and lakes across a wide range of environmental gradients and geographic spatial differ-

ences on a complete large watershed.

In response to different stresses of environmental changes or geographical patterns, microbes often form specific community struc-

tures in response to various influences. The cooperation and competition between microbes form a complex network of microbial

ecological relationships to maintain the stability, balance, and biogeochemical function of the ecosystem.13 Deterministic (niche based)

and stochastic (neutral) processes are closely related yet antagonistic processes that account for microbial community variation that

reflects their relative importance in shaping microbial community collections.14 The understanding of microbial interactions and com-

munity assembly mechanisms in natural environments is crucial for understanding microbial community structure and functional stabil-

ity. Although rivers and lakes are connected aquatic environments, river-lake ecosystems have distinct differences that are affected by
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Figure 1. Location of water sampling sites and land-use types in Yangtze River Basin
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hydrological conditions, environmental physicochemical indexes, and other factors. However, considering the limited comparative

studies of rivers and lakes within the watershed, differences in microbial interactions and formation mechanisms have not been deter-

mined in these interconnected but distinct habitats. Moreover, land use, as a macroscopic manifestation of human activity on the earth’s

surface, directly or indirectly affect the microbial community in watershed.15–17 Although land use plays an important role in the deter-

ministic process of microbial community construction. However, it is unclear how land use affects the construction of microbial commu-

nities and maintains community stability.

Therefore, in the present study, the whole Yangtze River watershed served as the research framework, facilitating an enhanced

comprehension of microbial characteristics and driving mechanisms within river-lake ecosystems, particularly in response to land

use. The Yangtze River, with a length of 6,300 km, stands as the largest river in Asia and the third-longest globally. The Yangtze River

basin is rich in river system and has many important lakes and reservoirs, such as Taihu Lake, Poyang Lake, and Danjiangkou Reservoir.

The watershed, supporting a population exceeding 400 million, has experienced sustained human activities, influencing diverse land

use patterns throughout history, rendering it an optimal study locale. We hypothesized that (1) microbial diversity would be higher

in rivers than in lakes due to spatial heterogeneity and closer links with terrestrial ecosystems, (2) environmental factors and land

use generated by human activities have a greater impact on microorganisms in lakes than that in rivers, and (3) the construction of river

microbial communities is more stochastically due to the more stable hydrological environment of the lake. This study contributes a

comprehensive characterization, geographic pattern, and interconnection of microbes in river and lake ecosystems, elucidating symbi-

otic patterns, ecological processes, and the driving mechanisms shaping microbial community structures under the influence of envi-

ronmental factors and land use. These results could reveal the biogeographic pattern and formation mechanism of microbes in rivers

and lakes of large catchments, which may aid in the effective management of watershed aquatic ecology during the intensification of

anthropogenic activities.

RESULTS

Land use patterns and water quality parameters

The Yangtze River Basin has seven land use types, namely, cultivated land, forest, grassland, wetland, residence, water, and unused

land. Based on the composition and distribution of land use (Figure 1), the Yangtze River Basin is dominated by forest (43.76%), fol-

lowed by cultivated land (28.09%) and grassland (21.0%), in which wetland and water body account for 2.61%. Residence has higher

proportion in the midstream and downstream of the watershed, totaling 3.06%. In this study, the effects of land use on microbial com-

munities within different buffer scales (500 m, 1,000 m, 1,500 m, 2,000 m, 2,500 m, and 5,000 m) were explored, and the redundancy

analysis (RDA) results showed that land use exerted the most substantial explanatory influence on the microbial community within

the 2,500-m buffer zone, both in the river and within the lake (Table S1). For optimal analysis, land use parameters within the 2,500-

m buffer zone, demonstrating the greatest impact on the bacterial community, were selected for subsequent analysis. Differences

were observed in the water quality parameters between rivers and lakes in watershed (Table S2). The physicochemical parameters of

NH4
+-N, CODMn, WT, pH, and Chl.a were significantly higher in lake than that in river, while conductivity was significantly higher in river

than that in lake (p < 0.05). In addition, a significant shift was observed in the physicochemical parameters along the upstream to down-

stream of the watershed (Table S3).
2 iScience 27, 110053, June 21, 2024



Figure 2. Characteristics of bacterial communities in Yangtze River Basin

(A) Shannon index of bacterial communities in rivers and lakes.

Comparison of Shannon indices among upstream, midstream, and downstream in rivers (B) and lakes (C).

(D) Differences in the bacterial OTUs of rivers and lakes. Differences in the bacterial OTUs among upstream,midstream, and downstream in rivers (E) and lakes (F).
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Characterization of microbial community in rivers and lakes

At the phyla level, Proteobacteria, Actinobacteria, and Bacteroidetes were the dominant phyla both in rivers and lakes (Figure S1A). In total,

1,042 OTUs (82.7%) were shared in rivers and lakes, while the shared rare OTUs (170) were more than abundant OTUs (84) between rivers and

lakes (Figure S1B). Although the dominant phyla and OTUs of rivers and lakes were similar, NMDS analysis showed obvious differences in

microbial community between the rivers and lakes (Figure 2D). Moreover, the Shannon index of rivers (4.13) was significantly higher than

that in the lakes (3.72) (Figure 2A, p < 0.05). A significant shift was observed in the bacterial community compositions along the upstream

to downstreamof the watershed (Figures 2B, 2C, 2E, 2F, and S1E–S1H). TheNMDS showed a strong and significant difference ofOTUs among

the upstream, midstream, and downstream of the watershed both in rivers and lakes (Figures 2E, 2F, and S1E–S1H). The Shannon index was

highest downstreamof the watershedboth in rivers and lakes (Figures 2B and 2C;p< 0.05). More sharedmicrobes were observed on rare taxa

than that of abundant taxa among the upstream, midstream, and downstream of rivers, while the opposite was true in lakes (Figures S1C

and S1D).

Ecological processes of microbial community

The index of modified stochasticity ratio (MST) was used to evaluate the ecological process of bacterial community. Deterministic process

dominated the whole bacterial community assembly in rivers (61%) and lakes (60%, Figure 3A). Although no significant difference was

observed between the contribution of stochastic processes to the assembly of whole bacterial community in rivers (39%) and lakes (40%),

the contributions of stochastic processes to the assembly of abundant and rare OTUs were significantly higher in river (28% and 54%) than

that in lake (25% and 44%, p < 0.05, Figure 3A). Moreover, the contribution of deterministic processes to the assembly of abundant taxa

were higher than that in whole bacterial community, while the contribution of stochastic processes to the assembly of rare taxa were higher

than that in whole bacterial community both in river and lake (p < 0.05, Figure 3A).

Spatial differences were observed in the ecological processes of bacterial communities (Figures 3B–3G). The dominant ecological pro-

cesses of whole bacterial community shifted from deterministic to stochastic along the upstream to downstream in the river, while the domi-

nant ecological processes shifted from stochastic to deterministic along the upstream to downstream in the lake (Figures 3C, 3D, 3F, and 3H).

Interestingly, the contribution of deterministic process contribution of abundant OTUs was the highest, while the stochastic process contri-

bution of rare OTUs was highest both in downstream of rivers and lakes (p < 0.05, Figures 3D and 3E).

Patterns of co-occurrence among microbial communities in rivers and lakes

Potential microbial interactions were identified by constructing the co-occurrence networks (Figure 4). The multiple topological properties of

networks indicated that microbial co-occurrence patterns differed in rivers and lakes, as well as from upstream to downstream both in rivers

and lakes (Figure 4 and Table S4). The number of total nodes, total links, average degree, and modularity of lake networks were higher than
iScience 27, 110053, June 21, 2024 3



Figure 3. Ecological process of bacterial OTUs

(A) Stochastic process contribution in constructing the bacterial OTUs in rivers and lakes. Stochastic process contribution in constructing the bacterial OTUs (B),

the abundant taxa (C) and rare taxa (D) in upstream, midstream, and downstream of rivers. Stochastic process contribution in constructing the bacterial OTUs (E),

the abundant taxa (F), and rare taxa (G) in upstream, midstream, and downstream of lakes.
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those in river (Table S4). The positive relationship between microbes was much higher than the negative relationship both in rivers and lakes

(Figure 4). The keystone taxa in rivers and lakes were identified from networks based on their topological roles (Figure S2). Although the

keystone taxa of rivers and lakes were different, most of them belonged to Proteobacteria. Cohesion indexes were calculated to evaluate

community stability (Figure S3). The index of N:P cohesion was used to determine community stability, and the higher the value, the higher

the community stability. The N:P cohesion value in the river network (0.52) was higher than that in the lake network (0.43) (p < 0.05), indicating

that microbial community in rivers is more stable (Figure S3A). Moreover, the N:P cohesion value varied along the upstream to downstream of

the watershed (Figure S3B). The N:P cohesion value suggested that the microbial communities were the most stable in downstream of rivers

(0.65), while the highest stability in lakes was observed midstream (0.47).

Formation mechanism of microbial community

Effect of physiochemical factors and spatial factors on microbial community

For a better understanding of the relationships between geographic, elevation, and environmental distances and bacterial community struc-

ture, the linear regressions of similarities with those distances were analyzed (Figure 5). Elevation and geographical distances were more

closely related to whole bacterial OTUs and abundant OTUs than rareOTUs both in rivers and lakes (Figures 5A and 5B). Notably, the relation-

ship between elevation and geographical distance and bacterial community was higher in rivers than that in lakes (Figures 5A and 5B). How-

ever, the relationship between environmental distance and bacterial community was higher in lakes than that in rivers (Figures 5A and 5B).

Linear regression analysis showed that elevation, geographic, and environmental distances were significantly correlated with MST in whole

bacterial OTUs (p < 0.05, Figures 5C and 5D). The relationship between elevation distance and geographic distance and MST was higher in

rivers (Figures 5C and 5D). Moreover, the relationship between community similarity of abundant taxa and elevation and geographical dis-

tance was higher than that of rare taxa both in rivers and lakes (Figures 5A and 5B). However, the relationship between the community sim-

ilarity of rare taxa and environmental distancewas stronger than that of abundant taxa in rivers, while the opposite was true in lakes (Figures 5A

and 5B).

Coupling effects of environmental factors on microbial community

Partial least squares path modeling analysis (PLSPMA) was used to comprehensively understand the mechanism maintaining microbial com-

munity stability in river and lake ecosystems (Figure 6). In either river or lake ecosystem, land use played a direct and strong role in water nutri-

tion and water property (Figures 6A and 6C). However, land use had a stronger effect on keystone taxa in river ecosystem, and it played a

stronger role in microbial diversity in lake ecosystem (Figures 6A and 6C). Cultivated land, residence, and grass remarkably affected the
4 iScience 27, 110053, June 21, 2024



Figure 4. Co-occurrence network patterns of bacterial communities

Network of bacterial communities in rivers (A) and lakes (E). Network of bacterial communities in the upstream (B), midstream (C) and downstream (D) of rivers.

Network of bacterial communities in the upstream (F), midstream (G) and downstream (H) of lakes. Edges represent interactions between nodes, pink represents

positive correlation, and green represents negative correlation. Only OTUs with an average relative abundance >0.01% were used in network analysis.
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microbes both in lakes and rivers (Figures 6A and 6C), and differences were observed in the bacterial community of samples dominated

different land use types (Figure S4). Limnohabitans, Acinetobacter; Polynucleobacter, and Pseudarcicella were the dominant genera in the

samples dominated by grass. However, the dominant genera changed to CL500-29 marine group (related to eutrophication), Curvibacter

(related to denitrification), and hgcI_clade (related to nitrogen cycle) in the samples dominated by residence and cultivated land. In addition,

the effects of land use on bacterial community in lakes (0.45) was stronger than that in rivers (�0.4) (Figures 6B and 6D). Water nutrient was

likely to affect microbial diversity, and the increase in nutrient concentrations could promotemicrobial diversity in both rivers and lakes. How-

ever, water quality was likely to affect keystone taxa in river ecosystem, indicating that environmental indicators such aswater temperature and

pH play an important role in shaping microbial niches (Figures 6A and 6C). However, water nutrient and property strongly affected both mi-

crobial diversity and the keystone taxa of lake system (Figures 6A and 6C). Notably, the stability of microbial community in river ecosystemwas

more directly affected by keystone taxa, and it was more directly and heavily affected by biodiversity in lake ecosystem (Figures 6A and 6C).

DISCUSSION

The number of studies based on high-throughput sequencing technology has increased rapidly, revealing the great diversity of bacterial com-

munities in aquatic environments. However, most studies that investigated the variability and diversity of bacterial communities in aquatic

ecosystem have focused on small-scale spatial dimensions, such as short rivers or independent lakes.1,3,11,12,18 The distinctions and linkage

across bacterial profiles, biogeographic patterns, ecological processes, and formationmechanisms of microbes in connected rivers and lakes

of a large watershed and the mechanism of their response to land use remain unknown. In the present study, the spatial patterns, ecological

processes, and driving mechanisms of microorganism in lakes and rivers (�6,300 km) were observed within a large watershed. Results show

that changes in environmental factors dominated by anthropogenic drive the composition of lakes microbial community structure, while

changes in spatial pattern directly caused differences in the rivers microbial community. This study provides a deep understanding of the

biogeographic pattern and formation mechanism of microbes in the rivers and lakes of large watershed, lending ways for the effective man-

agement of watershed aquatic ecology.

Spatial variation and linkage of microbial communities between rivers and lakes

River–lake systems are closely connected aquatic ecosystems that are affected by both natural and anthropogenic conditions. Rivers are

essential channels for the migration of terrigenous materials to lakes and play a fundamental role in controlling the health of lakes,
iScience 27, 110053, June 21, 2024 5



Figure 5. Relationship between microbial community and environmental and spatial factors

Patterns of correlations between OTUs similarity and the elevation, geographic, and environmental distance in rivers (A). Patterns of correlations between OTUs

similarity and the elevation, geographic, and environmental distance in lakes (B). Patterns of correlations between MST and the geographic, elevation, and

environmental distance in rivers (C). The patterns of correlations between MST and the geographic, elevation, and environmental distance in lakes (D). OTUs

similarity was calculated using the Bray-Curtis distance between samples.
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consequently, microbes are shared between rivers and lakes.10 However, lakes and rivers are generally subject to different environmental con-

ditions, such as velocity, water retention time, organic matter, and nutrient content, thus affecting the composition and function of microbial

communities, resulting in differences in the structure of microbial communities between rivers and lakes.19 Crevecoeur et al.19 confirmed that

lakes act as funnels, which selectively retain and exclude exotic taxa, and the environmental filters and other processes that form lakemicrobial

communities operate on an extremely small spatial scale. Microbial diversity was significantly higher in rivers than that in lakes, thus support-

ing the patterns of microbial community diversity in the river-lake continuum in Bosten Lake watershed, northwest China.20 This finding was

obtained possibly because microbes in terrestrial soils (which contain highly diverse microbes) are likely to enter rivers.21–23 Moreover, the

coupling between the rivers microbes and the surrounding regional microbes is more frequent than that in lakes habitats.20 The spatial het-

erogeneity of the rivers environment result in different ecological niches for different microbes to inhabit.20 The results of PLSPMA analysis

also showed that water temperature, pH, Chl.a, conductivity, CODMn, and other environmental factors are important driving factors of micro-

bial diversity (Figure 6).
6 iScience 27, 110053, June 21, 2024



Figure 6. Driving factors of microbial community

The PLSPMA model was used to reveal the relationships among land use, water nutrition, and water property on microbial community in (A) rivers and (C) lakes.

The bar chart shows the effects of the latent variables on the microbial community in (B) rivers and (D) lakes. The arrow indicated the direction of the effect

between the variables, and the path coefficient indicates the strength of effect. The linewidth is proportional to the strength of effect.
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Spatially, the diversity of microbes was higher in themidstream and downstream of rivers, which was consistent with the spatial changes of

TN and TP concentrations. Nutrient concentration enhanced the diversity of microbial community, thus supporting that greater diversity and

abundance are observed among bacterial communities at higher TN levels.24 Increased biodiversity provides the tolerance of microbes to

environmental stress.25,26 Thus, high TN concentrations in the midstream and downstream promote bacterial diversity in rivers. Similarly,

no significant difference was observed in nutrient concentration and microbial diversity between lakes in upstream and downstream of

the watershed. In addition, the diversity of bacterial community is correlated with the hydraulic retention time affected by water transfer.27

The flowingwater of the torrent systemapparently transfersmicrobials relatively quickly from the upstreamhabitat to the downstreamhabitat.

Moreover, as a widely studied alpha diversity pattern,28 species diversity decreases with increasing latitude.29 However, in the present study,

themicrobial diversity of the lakes did not increase from the upstream to downstreamof watershed. Although the lake was connectedwith the

rivers, the independence between the lakes was strong, and the lakes in upstream can hardly interact hydrologically with the lakes down-

stream. Therefore, compared with rivers, the microbes of lakes in the upstream, midstream, and downstream of watershed hadmore obvious

differences in community structure and shared fewer microbes.

Driving factors and ecological mechanism of microbial communities

Defining the ecological mechanisms underlying the formation of microbial community profiles is a central challenge in microbial ecol-

ogy.18,30,31 Neutral theory suggests that microbial communities are formed by random fluctuations and limited dispersal of species abun-

dance (births and deaths), while niche theory suggests that microbial communities are formed by deterministic processes (such as habitat

heterogeneity or species sorting) caused by differences in habitat preferences and species fitness.30,32 Both deterministic and stochastic pro-

cesses regulate microbial community assembly.33 In the present study, the whole microbial communities were dominated by deterministic

processes both in rivers and lakes considering the wide span of the watershed, which covers an area of 1.8 million square kilometers, complex

and diverse human activities, and distinct geology, geomorphology, climate, and environment. These changes in the external environment

severely affected the shaping ofmicrobial community structure. Elevation, geographical and environmental distancewere substantially corre-

lated with MST. Spatially, the dominant ecological process of microbial community shifted from deterministic to stochastic in rivers from up-

stream to downstream, while the opposite was observed in the lakes along the upstream to the downstream of the watershed. The spatial
iScience 27, 110053, June 21, 2024 7
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variation of microbial ecological processes was consistent with the nutrient concentrations, presumably resulting from the tendency of mi-

crobes to form their communities by deterministic process in nutrient-poor conditions.34,35

Furthermore, the microbial community structure is distinguished by a markedly skewed rank-abundance distribution, featuring a limited

number of dominant taxa and extensive tails comprising rare bacterial species.19 The contribution of abundant and rare taxa to the structural

stability, function, and assembly of microbial communities is a key issue in microbial ecology.19 In the present study, the ecological processes

of abundant taxa were dominated by deterministic processes, while the community construction of rare taxa showed strong stochastic pro-

cess. Rare taxa are limited by habitat specificity and may thus exhibit stronger stochastic dispersal than abundant taxa, use a wide range of

resources, and adapt effectively to the environment.36,37 This finding is supported by the fact that more rare taxa than abundant taxa are

shared among the upstream, midstream and downstream of rivers, that is, abundant taxa are more constrained by dispersal than rare

taxa, which is consistent with previous studies in the Northwest Pacific.38 However, some studies have found that dispersal remarkably affects

rare taxa, but not on abundant taxa.39,40 These differences can be attributed to differences in habitat and geography.41–43 The flow is directed,

andmicrobes in the upstreamof the rivers can be transferred downstream by passive diffusion, while those in downstream are less likely to be

transferred upstream. Thus, although dispersal can be deterministic, stochastic, or both,14 the different dispersal limits of microbial commu-

nities in connected rivers in the present study reflect stochastic processes.

For both rare and abundant taxa, the stochastic process has a strong effect on microbes in rivers, thus supporting that microbes are

strongly influenced by environmental filters in lakes (Figures 5 and 6). The river environment is relatively continuous, and the bacterial com-

munity in the water can spread from upstream to downstream easily. However, as relatively independent individuals, the heterogeneity of

nutrient conditions in different lakes is obvious. Bacterial communities spread more strongly in rivers than in lakes. Moreover, considering

the limitation caused by perturbation processes, microbes may be more strongly influenced by competition and selection processes in

lakes.19

In addition, distance decay analysis results showed that geographical and environmental distances are important in constructing the

spatial similarity of bacterial communities in rivers and lakes (Figures 5 and 6). Notably, spatial factors more remarkably affect the variation

in fluvial microbial communities in rivers (including total, abundant and rare taxa) than that in lakes (Figures 5 and 6). In lakes, environmental

factors are substantial factors in explaining the differences in bacterial community assemblages (Figures 5 and 6). In the present study, the

bacterial community in the rivers is mainly affected by topography and elevation but is less affected by local environmental parameters.

This phenomenon was observed possibly because rivers are large dynamic rapids systems. Microbes in the upstream of the rivers can easily

spread downstream with the flow of water. Therefore, microbes can easily migrate through rivers as the water flows from upstream to down-

stream.20 However, the effect of environmental selection on microbial community in lakes is more intense than that in rivers, mainly because

lakes are relatively closed and stable aquatic systems.20 When foreign microbes enter the lake environment, the arriving microbes become

more strongly selected by physical and chemical conditions.19 Some of the surviving alien microbes arrive in the lakes and are then selected

based on the physical and chemical conditions of the lakes.19 Thus, in this slowly changing environment, the selection of physicochemical

factors attenuates the influence of spatial factors, such as geographic distance, on lake microbial community structure. Therefore, the spatial

effect of microbial communities in rivers is considerably stronger than that in lakes, while microbial communities are more susceptible to local

environmental factors.

Effects of land use on microbial communities

Land use is a spatial reflection of human activities and an important anthropogenic driving force that affects the change in physical and chem-

ical parameters in the watershed.44 Many studies have investigated the effects of land use on microbial production in aquatic environ-

ments.1,45,46 In the present study, land use indirectly affected microbial community diversity and stability by influencing physicochemical pa-

rameters, and even directly and strongly affected microbial keystone species, especially cultivated land and residence that are strongly

related to human activities (Figure 6). Pollutants from anthropogenic point source inputs (e.g., urban runoff and sewage pollutants) and agri-

cultural non-point source pollution enter rivers and lakes through surface runoff, thus remarkably reducing surface water quality and affecting

microbial community.2 In addition, remarkable differences were observed in the microbial community structure in aquatic environments

dominated by different land use types. For example, high levels of urban activity (measured as the percentage of landscape devoted to resi-

dence) may shift microbial communities toward greater denitrification and anammox activity.47 Notably, the effect of land use on microbes in

lakes is much greater than that in rivers, confirming that microbes in lake are more susceptible to local environmental influences than those in

rivers. Considering that lakes act as "sink" of pollutants and microbes of the watershed, their hydrological environment is stable. Both native

and foreign microbes are more susceptible to the physical and chemical properties of lakes in such a slowly changing and relatively stable

environment.

Stability of microbial community in rivers and lakes

Many studies have generally focused on the abundant and rare taxa in microbial communities, while network analysis has shown that specific

microbes play unique and important roles in community structure and function.48,49 Keystone species plays an important role in microbial

community stability in river and strongly affects microbial community diversity in lakes (Figure 6). Our study showed that only a few of these

keystone species belong to rich species, andmost of them belong to intermediate species. Keystone species are important for the stability of

microbial communities, and the disappearance of these keystone species may lead to fragmentation of modules and networks, making in-

termediate species important for maintaining ecosystem stability.13 The co-occurrence network results showed that the interactions between
8 iScience 27, 110053, June 21, 2024
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microbes are dominated by positive connections, mainly because the positive interaction is mainly considered as cooperation.50 Microbial

interactions can support ecosystem function and stability. Microbial cooperation may contribute to the resilience of plankton communities

under changing environments, because microbial interaction networks can provide a buffer against environmental disturbances.51
Limitations of the study

It must be recognized that this study still has limitations. First, this study was based on one sampling, the seasonal variation of microbes of

rivers and lakes in the large-scale watershed is not clear. However, sampling was conducted during the warm rainy season (June – October),

and all areas within the watershed were in the local hot season during this period. Therefore, we assumed that the spatial differences in mi-

crobes in the watershed due to seasonal variations could be neglected. In addition, the Yangtze River is 6,300 km long and it flows through a

basin with an area of 1.8 million km2, and there is a great variation in microbial habitats within the watershed, with large differences in gra-

dients of environmental and climatic factors (temperature, elevation, nutrients, hydrodynamics, etc.). Thus, we believe that the results based

on a single sample can characterize the spatial distribution of microbes and identify the driver factors in a large watershed where environ-

mental and climatic factors vary considerably. Second, the presence ofmany dams in themainstem and tributaries of the Yangtze River affects

the hydrodynamic conditions. The presence of a dammay indeed affect microbial communities. However, none of the sampling sites were in

lakes/reservoirs formedby dams and all of the sampling sites are far away fromdams. In addition, rivers still have hydrological connectivity and

microbes in rivers still can spread with water flow. Therefore, as this study focuses on the spatial patterns of microbial distribution character-

istics, our results can explain the spatial characteristics and differences of microbes in rivers and lakes in a large-scale watershed. This seasonal

variation of microbes and the effects of dams on microbial communities within a large-scale watershed need further studies.
Conclusion

This study comprehensively investigated the distinctive patterns and assemblymechanisms governingmicrobial communities within river and

lake ecosystems across a relatively large-scale watershed. The examination involved microbial community profiles, land use patterns, and

environmental factors. Many microbes are shared in this closely related river-lake aquatic systems. However, considering the influence of hy-

drological conditions and environmental factors, the microbial community structure in rivers and lakes remarkably differed, and the microbial

diversity in rivers was significantly higher than that in lakes. Land use strongly influenced microbial community structure and assemblage pro-

cesses, either directly or indirectly (by physicochemical factors). The effect of land use on lake microbes was stronger than that in river mi-

crobes. In addition, spatial factors remarkably affected the changes in rivermicrobial communities. However, environmental factors are impor-

tant in explaining differences in bacterial community assemblages in lakes. Although deterministic processes dominated the microbial

community assembly mechanism both in rivers and lakes, the higher stochastic processes of rare and abundant taxa were exhibited in rivers

than in lakes. Microbial keystone species play an important role in the stability and diversity of microbial communities. This study deepens our

understanding of the biogeographic pattern and formation mechanism of microbes in the rivers and lakes of large-scale watershed and pro-

vides a reliable basis for the effectivemanagement of watershedwater ecology and land use planning under the influence of intensive anthro-

pogenic activities. For example, microbes in lakes are more likely to be affected by environmental factors, especially land use that reflects

human activities. Therefore, establishing ecological buffer zones around lakes to reduce the disturbance of human activities is of great sig-

nificance for maintaining the microbial diversity and stability of lakes. In addition, the scale effects of land use on rivers and lakes were

explored, and the results showed that land use has the greatest effect on microbes within a certain distance. Therefore, the optimal buffer

zone can be considered in land usemanagement planning and land use strategy. In other words, the concept of ‘‘minimumacceptable width’’

can be considered in the watershed protection to obtain ideal ecological benefits at the lowest cost via the appropriate width.
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� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models in the life sciences.

METHOD DETAILS

Study area and sample collection

The Yangtze River, which is the largest river in Asia and the third-longest in the world, originates from the Qinghai-Tibet Plateau and flows

eastward into the East China Sea. It flows through a basin with an area of 1.8 million km2 and has a population of over 400 million.56 The loca-

tion of the water sampling sites in Yangtze River Basin is shown in Figure 1, and the samples were collected from June to October 2020. Sam-

pling sites were evenly distributed throughout the basin, including the main and tributaries of the Yangtze River, as well as major lakes and

reservoirs. The water samples obtained by the water collector at a depth of approximately 0.5m were placed into a portable refrigeration and

immediately conveyed to a laboratory for subsequent analytical procedures. In addition, we divided the sampling sites into three parts,

namely, upstream, midstream, and downstream, based on the spatial distribution of sampling sites, drainage basin topography, and land

use pattern (Figure 1). A total of 143 and 36 sampling were collected in rivers and lakes, respectively. There were 50, 54 and 39 sampling

in the upstream,midstream and downstreamof rivers, and 8, 7 and 21 sampling in the upstream,midstreamand downstream of lakes, respec-

tively. None of the sampling sites were in lakes/reservoirs formed by dams and all of the sampling sites are far away from dams.

Water physicochemical parameter

Hydrochemical parameters were measured, encompassing total phosphorus (TP), total nitrogen (TN), ammonium nitrogen (NH4
+-N), and

chemical oxygen demand (CODMn), employing established laboratory techniques (APHA, 1998). Concurrently, conventional water physico-

chemical parameters such as dissolved oxygen (DO), water temperature (WT), pH, chlorophyll-a (Chl.a), and conductivity (SpCond) were
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ascertained in situ using a portable multi-parameter water quality analyzer (EXO2, YSI, USA). In addition, environmental distance represents

the similarity of physicochemical parameters of water between two samples, measured by calculating the standardized Euclidean distance of

water physicochemical parameters between two samples. The larger the environmental distance, the larger the difference in water physico-

chemical parameters between two samples, and the smaller the environmental distance, the more similar the water physicochemical param-

eters are between samples.

Land use parameter acquirement

The land use data of Yangtze River Basin were obtained from Landsat 8 imagery (Database: http://www.gscloud.cn) using ArcGIS 10.8. Seven

distinct land use types were delineated based on the land cover characteristics of the watershed, encompassing, forest, grassland, residential

areas, water body, wetland, cultivated land, and unused land. Unused land was excluded from the subsequent analyses, because it accounts

for a very small portion of the watershed. Land use types within six buffer zones for each sampling point were extracted at intervals ranging

from 500 m to 5,000 m, specifically at 500 m, 1,000 m, 1,500 m, 2,000 m, 2,500 m, and 5,000 m buffer distances.

DNA extraction, sequencing, and bioinformatic analysis

For each sampling site, 1,500 mL of water from each sample was subjected to concentration on isopore membrane filters (0.2 mm, Millipore,

Ireland) and subsequently preserved at �80�C until DNA extraction. The DNA isolation process involved utilizing a DNA isolation kit (Omega,

D5625-01, USA). Subsequently, the complete length of the 16S rRNA gene was amplified employing the primer set pA (AGAGTTTGAT

CCTGGCTCAG) andB23S (CTTCGCCTCTGTGTGCCTAGGT) (Kurobe et al., 2013). Thepolymerase chain reaction (PCR) analyseswere conduct-

ed in triplicate using 20 mL mixtures comprising 10 mL of 23 PCR buffer, 5 mL of template DNA, 4 mL of 2.5 mM dNTPs and 0.5 mL of each primer

(10 mM). The PCRprogramconsistedof an initial denaturation stepat 95�C for 5min, followedby 25 cycles at 95�C for 30 s, 50�C for 30 s, and 72�C
for 3min, with a final extension at 72�C for 7min. Post-amplification, the PCRproducts underwent detection through 2%agarose gel electropho-

resis in 1.03 TAE buffer, and subsequent purification was executed using the AxyPrep DNA gel extraction kit (Axygen, AP-GX-250, USA). Quan-

tification of the purified PCRproducts was performedon aMicroplate reader (BioTek, FLx800, USA) using aQuant-iT PicoGreen dsDNAassay kit

(Invitrogen, P7589, USA), after which they were pooled together. The samples were normalized to equimolar amounts in the final mixture and

subjected to sequencing on the PacBio Sequel platform (PacBio, USA).

The rawdata fromeach sampleweredemultiplexedandassigneduniquebarcodes through limav1.7.0 (https://github.com/pacificbiosciences/

barcoding). Circular Consensus Sequencing data were acquired using SMRT Link v8 (https://www.pacb.com/products-and-services/analytical-

software/smrt-analysis/). Evaluation of the raw read quality was conducted using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc). Subsequently, adapter and primer sequences were excised employing cutadapt v1.9.1.57 The raw data underwent quality filtration using

USEARCH V10.0,53 applying an expected error filtering approach with a maximum expected error threshold of 1.0. Operational taxonomic units

(OTUs) were delineated at a 97% similarity cutoff usingUPARSE (version 7.1), and identification and removal of chimeric sequences were executed

using UCHIME (version 4.2).54,55 Taxonomic assignment of each 16S rRNA gene sequence was performed using the RDP Classifier58 against the

Greengenes 16S rRNA database.59

Statistical analysis

Partial least squares path modeling analysis (PLSPMA), used to analyze the effects of land use and water physicochemical parameters on mi-

crobes, was conducted in R 4.1.160 (http://www.r-project.org/) using ‘‘plspm’’ package.61 Non-metric multidimensional scaling (NMDS), used

to analyze the differences in microbial communities, was conducted in R with the ‘‘vegan’’ package62 (version 2.6-2). Redundancy analysis

(RDA), used to analyze the effects of land use at different scales on microbes, was conducted in R using ‘‘vegan’’ package62 (version 2.6-2).

Mann-Whitney U test and regression analysis, were also conducted in R using ‘‘ggplot2’’ package,63 with significant difference was deter-

mined at p < 0.05. All default parameters were accepted. OTUs exhibiting relative abundances less than 0.01% of the total sequences

were classified as ‘‘rare taxa’’, those exceeding 0.1% were categorized as "abundant taxa," and OTUs with relative abundances ranging

from 0.01% to 0.1% were designated as "intermediate taxa".30 Only OTUs with an average relative abundance > 0.01% were retained to

obtain accurate and reliable results for network analysis.64 Spearman correlation analysis was applied with thresholds set at |r| > 0.60 and

P < 0.05 to identify significant correlations amongOTUs. The networks of co-occurrence of the relationship in microbes were visualized using

Gephi 0.9.2. Environmental distances were calculated as standardized Euclidean distances based on physiochemical characteristics observed

at each sampling site. Specifically, environmental distance represents the similarity of physicochemical parameters of water between two sam-

ples. The larger the environmental distance, the larger the difference in water physicochemical parameters between two samples, and the

smaller the environmental distance, the more similar the water physicochemical parameters are between samples.

The classification of network nodes into distinct topological roles was based on the calculation of within-module connectivity (Zi) and

among-module connectivity (Pi) values. Specifically, nodes were categorized as module hubs (Zi R 2.5, Pi < 0.62), network hubs (Zi R 2.5,

Pi R 0.62), connectors (Zi < 2.5, Pi R 0.62), and peripherals (Zi < 2.5, Pi < 0.62) according to established criteria.65 The three identified cat-

egories, comprising module hubs, network hubs, and connectors, were collectively considered as potential keystone taxa.66 In addition, rich

species as those having relative abundances above 0.1%, rare species as those having relative abundances below 0.01% and intermediate

species as those having relative abundances between 0.01% and 0.1%.9

Microbial community connectivity was quantified by calculating both positive and negative cohesion, serving as metrics to characterize

associations among taxa attributable to positive and negative species interactions, as well as niche similarities and differences among
14 iScience 27, 110053, June 21, 2024
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microbial taxa.67 Initially, an abundance-weighted matrix was generated based on pairwise correlations across taxa. Subsequently, the

connectedness matrix, incorporating average positive and negative correlations, was calculated. Null model was used to correct bias in these

correlations. The positive and negative cohesions were then computed as follows:67

Cohesion =
P

abundancei 3 connectednessi,

Furthermore, the ratio of negative cohesions to positive cohesions (N:P cohesion) was computed as an index reflecting community stabil-

ity, where a higher value indicated a greater degree of community stability.

The discernment of deterministic and stochastic mechanisms governing microbial community assembly processes involved the compu-

tation of the modified stochasticity ratio (MST), implemented in the R using the NST package.68 This index served as a quantitative measure

indicating the proportion of stochastic processes influencing community assembly. A higher MST value suggested a greater contribution of

stochastic processes, wherein MST values exceeding 50% signified the dominance of stochastic processes in microbial community assembly,

while MST values below 50% indicated the prevalence of deterministic processes in shaping the microbial community structure. All default

parameters were accepted.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, Mann-Whitney U test was used to detect the difference in the comparison results of microbes in river and lake, with significant

difference was determined at p < 0.05.
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