www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Similar but different assembly
processes of bacterial and micro-
eukaryotic communities in an
urban river

Shenwen Cai**’, Jun Zhao?, Enguo Sheng?, Leilei Fan?, Ziwei Shen? & Yunfeng Li%**

Bacteria and micro-eukaryotes play important roles in river ecological systems. The processes

that govern bacterial and micro-eukaryotic communities in urban rivers are still uncertain. The
spatiotemporal characteristics and assembly processes of bacterial and micro-eukaryotic communities
in the Xiangjianghe River were explored using 16 S and 18 S rRNA gene amplicon sequencing in the
present study. The results indicate that the bacterial and micro-eukaryotic community composition
exhibited distinct temporal and spatial variation. The topological characteristics of co-occurrence
networks demonstrate that the bacterial and micro-eukaryotic community coexistence patterns vary
significantly between the four seasons. Water temperature (WT) and oxidation-reduction potential
(ORP) were detected as the most critical factors affecting bacterial and micro-eukaryotic community
structure. The stochastic process (dispersal limitation) was the dominant assembly process for bacteria
and micro-eukaryotes in all seasons. Deterministic and stochastic processes influenced the bacteria
and micro-eukaryotes differently. Compared to bacteria, the values of niche breadth were relatively
lower, and the proportion of deterministic processes was relatively higher in micro-eukaryotes. These
results expand our understanding of spatiotemporal patterns, assembly mechanisms, and influencing
factors of bacterial and micro-eukaryotic communities in urban rivers.
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Bacteria and micro-eukaryotes are crucial components in river ecosystems and play important roles in the
degradation of pollutants, biogeochemical processes, enhancing self-purification ability of water environments,
and the restoration of riverine ecosystems!. Therefore, understanding the diversity and distribution of bacterial
and micro-eukaryotic communities is vital to improve river environments and exerting ecological benefits.

The mechanisms of microbial community assembly have always been a core issue in research on aquatic
ecology?. It is crucial to the diversity, distribution, function, biogeographical patterns, and succession processes
of microbial community®>-. Based on niche theory, deterministic processes such as environmental filtering
(pH, temperature, dissolved oxygen, organic matter, salinity, etc.) and interspecific interactions (competition,
cooperation, or predation) dominate the composition and distribution of microbial community®’. In contrast,
neutral theory postulates that the stochastic processes such as birth, death, migration, speciation, and dispersal
limitation shape the structure of microbial community®®. Actually, deterministic and stochastic processes
can coexist within the same system or context, as they are not mutually exclusive concepts. It is generally
acknowledged that microbial community assembly is jointly driven by deterministic and stochastic processes'’.
In recent years, the mechanisms underlying microbial community assembly in multiple environments have been
studied. However, these studies have primarily focused on low-mobility ecosystems such as oceans!!, soils'?,
wetlands'?, lakes'?, and activated sludges'®. In contrast to these low-mobility ecosystems, river environments
and their microbial community exhibit more complex and dynamic characteristics'®. Furthermore, studies
have revealed that seasonality is a crucial driving factor of microbial community diversity and assembly
processes within riverine ecosystems'’~!°. Environmental factors including dissolved oxygen concentration,
water temperature, and light will exhibit significant synergistic changes with seasonal variations, directly or
indirectly affecting the structure, diversity, functions, and assembly processes of microbial community in the
river>S. Nevertheless, research on seasonal succession and assembly mechanisms of microorganisms in river
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Guizhou Province

ecosystems remains limited, especially for micro-eukaryotes'. Therefore, understanding the seasonal succession
and assembly processes of bacteria and micro-eukaryotes in rivers will facilitate a deeper comprehension of the
mechanisms for maintaining microbial diversity and ecological functions in river ecosystems.

Unlike natural river channels, urban rivers possess not only ecological functions such as flood control, water
storage, and local climate regulation but also economic functions such as sewage reception and irrigation, as
well as humanistic values like landscaping and entertainment?. On the one hand, most of the water sources
for urban rivers come from relatively stable effluent discharged from sewage treatment plants, resulting in
small seasonality in water quality and quantity, and higher water temperature?!. On the other hand, urban river
channelization may cause habitat homogenization, resulting in overall decline in biodiversity?>. Whether these
differences compared to natural rivers lead to spatial and seasonal variation of microbial communities in urban
rivers need to be further studied.

The Xiangjianghe River (XJH) is a tributary of the Wujiang River and is located in the northern part of
China’s Guizhou Province, and belongs to the Yangtze River basin. It flows through the urban area of Zunyi
City with more than one million residents. Human activities may affect the ecological stability of XJH. Besides,
the ecological health of XJH is vital to the sustainable development in this area. In the present study, microbial
diversity patterns, community networks, and community assembly processes of bacteria and micro-eukaryotes
in the XJH under four seasons were performed by 16 S and 18 S rRNA amplicon sequencing to address the
following questions: (1) Do the bacterial and micro-eukaryotic communities exhibit spatiotemporal variability
across different seasons? (2) What are the main influencing factors that affect the bacterial and micro-eukaryotic
communities? (3) Do deterministic or stochastic processes dominate community construction of bacteria
and micro-eukaryotes? The present study will provide an important and comprehensive insight for better
understanding the bacterial and micro-eukaryotic community patterns in urban river environments.

Materials and methods

Sampling and environmental factors measurement

A total of 84 surface water samples were collected along the Xiangjianghe River (XJH) from seven sites (3
replicates) in May, July, and September 2022, and January 2023, which present spring, summer, autumn, and
winter, respectively (Fig. 1). Sites 3 and 5 are located in the tributary, and sites 1, 2, 4, 6, and 7 are located in the
mainstream of the XJH. Water samples were collected in sterile bottles and transported to the laboratory at 4 °C
within 6 h for subsequent analysis. Water temperature (WT), pH, oxidation-reducing potential (ORP), dissolved
oxygen (DO), and electrical conductivity (EC) were measured in situ using a YSI Professional Plus meter.
Total nitrogen (TN) was determined by a UV spectrophotometric method with alkaline potassium persulfate
elimination. Total phosphorus (TP) was determined by the ammonium molybdate spectrophotometric method.
Chemical oxygen demand (COD,, ) was measured using the potassium permanganate titration method.

DNA extraction, PCR amplification, and illumina miseq sequencing
For microbial community DNA extraction, 1000 ml water samples were filtered through 0.22 pm filters within
6 h after collection and the membranes were stored at — 80 °C ultra-low temperature freezer before further
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Fig. 1. Location of the sampling sites in the Xiangjianghe River.
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treatment. Microbial DNA was extracted using the E.Z.N.A." soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.)
according to the manufacturer’s instructions. The V3-V4 region of the 16 S rRNA gene and the V4 region of
the 18s rRNA gene were amplified by using the primer pairs 338/806R and 528 F/706R, respectively. The PCR
reactions were performed in triplicate, with each 20 uL mixture containing 4 pL of 5 x FastPfu Buffer, 2 pL of 2.5
mM dNTPs, 0.8 uL of 5 uM primer, 0.4 pL of FastPfu Polymerase, and 10 ng of template DNA. Subsequently, the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and QuantiFluor™ -ST (Promega,
USA) were used for the purification and quantization of PCR products. The purified products were pooled in
equimolar and paired-end sequenced (2x300) on an Illumina MiSeq platform (Illumina, San Diego, USA) in
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

Statistical analysis

All bacterial and micro-eukaryotic sequence analyses were performed on the i-sanger cloud platform of
Majorbio BioTech Co., Ltd (http://www.i-sanger.com/). Operational taxonomic units (OTUs) were clustered
with 97% similarity cutoff using UPARSE (version 7.1 http://drive5.com/uparse/) with a novel “greedy”
algorithm that performs chimera filtering and OTU clustering simultaneously. All chloroplasts, mitochondria,
and OTUs with total sequences of less than 20 were removed. The data was normalized by subsampling to the
least number of reads in order to synchronize the sequencing depth across all samples, following which the
distinctive sequences were selected for subsequent analysis. The bacterial and micro-eukaryotic taxonomies
were analyzed by the RDP Classifier algorithm against the silval38/16s_bacteria and silval38.1/18s_eukaryota
database using a confidence threshold of 70%, respectively. Kruskal-Wallis H test was used to determine the
differences in Chaol and Shannon indices between different seasons and sampling sites. The PNTI (B nearest-
taxon index) and RCBray (modified Raup-Crick index) were calculated to evaluate the impact of stochastic and
deterministic processes on the aggregation of microbial communities across different spatial and temporal scales.
The neutral community model (NCM) was also performed to quantify the influence of stochastic processes in
shaping microbial community. Co-occurrence characteristics of the microbial community in four seasons were
revealed by network analysis according to the Spearman correlation coefficients (|r| > 0.8, p<0.05). The OTUs
with relative abundance greater than 1% were retained for better visualization. The visualization and topological
analysis of network was conducted in Gephi (version 0.9.2). In order to identify the keystone taxa, the nodes
were classified into four topological roles (Module hubs, Connectors, Network hubs, and Peripherals) according
to the values of within-module connectivity (Zi) and among-module connectivity (Pi). In this study, the analysis
of Co-occurrence pattern, NCM, and niche breadth were performed in R software (version 4.3.1), while others
such as the a-diversity index (Chaol and Shannon), non-metric multidimensional scaling (NMDS), microbial
spatiotemporal distribution characteristics, BNTI/ RC;,,» and Zi/Pi analysis were performed by the online tools
of Majorbio Cloud Platform (https://cloud.majorbio.com/page/tools/)?.

Results

Diversity of microbial community

In total, 4,064,995 high-quality 16 S rRNA sequences and 5,537,316 high-quality 18 S rRNA sequences were
obtained. The sequencing coverage rates ranged from 98.4 to 99.8% and the rarefaction curves of all samples
reached a plateau (Fig. S1), which indicates the current sequencing depth is sufficient. The Chaol and Shannon
indices were calculated to assess the richness and diversity of microbial community (Fig. 2). For bacteria, no
significant difference was found in the Chaol index between the four seasons (p>0.05). The Shannon index
in winter was higher than that in other seasons, and significantly higher than that in summer (p<0.05). For
micro-eukaryotes, however, the Chaol index in spring was significantly higher than that in autumn and winter
(p<0.001), and the Shannon index in spring was significantly higher than that in autumn (p <0.01). In addition,
the Chaol and Shannon indices of bacteria and micro-eukaryotes also displayed significant differences across
sampling sites. The maximum Chaol index of bacteria was found in S6 for spring, summer, and winter, while
in S5 for autumn. The minimum value of Chaol and Shannon index of bacteria was found in S4 for all four
seasons, except for the Shannon index in autumn. The maximum Chaol index of micro-eukaryotes was found
in S6 for spring, S5 for summer and autumn, and S3 for winter. The minimum Chaol index of micro-eukaryotes
was found in S2 for spring and summer, and S4 for autumn and winter. Similar trends were also found in the
Shannon index of micro-eukaryotes for spring and winter.

Microbial community composition

The community composition of bacteria and micro-eukaryotes exhibited distinct temporal and spatial variations.
For bacteria, the OTUs number in each sample ranged from 510 to 1425, with an average of 957. A total of
1741 core OTUs which present in all four seasons was found, and samples from spring, summer, autumn, and
winter had 4, 1, 32, and 6 unique OTUs, respectively (Fig. 3a). The results of NMDS revealed that the bacterial
community was grouped by seasons (Fig. 3c). Although there were overlaps between spring and winter, as well
as between summer and autumn, the clustering still manifested more obvious seasonal patterns. Notably, the
spring and winter samples were separated from the summer and autumn samples. The samples of S4 in summer,
autumn, and winter were separated far from other samples (Fig. S3a). The mean bacterial relative abundance at
phylum level is present in Fig. 3e. Proteobacteria, Bacteroidota, and Actinobacteriota were predominant (with
a mean relative abundance range from 57.6 to 96.0%) in most samples. In particularly, the relative abundance
of Cyanobacteria (23.6%) at S4 in summer was higher than that of Bacteroidota (12.0%) and Actinobacteriota
(10.2%). The mean relative abundance of Proteobacteria in spring (46.9%) was higher than that in other seasons
(41.7% in summer, 37.0% in autumn, and 43.2% in winter, respectively), while the mean relative abundance of
Bacteroidota (28.6%) and Cyanobacteria (5.5%) in summer, Actinobacteriota (24.6%) and Verrucomicrobiota
(3.7%) in autumn, and Campylobacterota (7.3%) and Firmicutes (6.9%) in winter was higher than that in other
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Fig. 2. Alpha diversity of bacterial and micro-eukaryotic communities. *, **, and *** represent p <0.05,
p<0.01, and p <0.001, respectively. Different letters above the bar chart indicate significant differences between
sampling sites (p <0.05).

seasons. Kruskal-Wallis test results also showed that there were significant differences in the mean relative
abundance of abundant bacterial taxa among the different seasons (Fig. 3g). At the genus level, Limnohabitans
(13.3%), Flavobacterium (11.2%), and hgcI_clade (5.5%) were the dominant bacteria (Fig. S2a). The abundance
of Flavobacterium in spring (11.3%) and winter (13.8%) was much higher than that in summer (9.0%) and
autumn (10.7%), while the abundance of hgcI_clade in spring (4.8%) and winter (2.4%) was much lower than
that in summer (6.8%) and autumn (8.1%).

For micro-eukaryotes, the average number of OTUs was 584. A total of 951 core OTUs was found
in four seasons, and 40, 20, 101, and 56 unique OTUs were found in spring, summer, autumn, and winter,
respectively (Fig. 3b). Compared to bacteria, micro-eukaryotic community composition exhibited more intense
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Fig. 3. Seasonal variation of bacterial and micro-eukaryotic community composition in the XJH. Venn
diagram displaying the OTUs richness distribution of bacteria (a) and micro-eukaryotes (b) in different
seasons. Nonmetric multidimensional scaling analysis (NMDS) of bacterial (c) and micro-eukaryotic (d)
community at OTU level based on Bray-Curtis distance in different seasons. Mean relative abundance of
different phyla at different sampling sites in four seasons for bacteria (e) and micro-eukaryotes (f). Significance
test of the difference in the relative bacterial (g) and micro-eukaryotic (h) abundance at the phylum level
among four seasons using the Kruskal-Wallis H test.

spatiotemporal differences. Four clusters of micro-eukaryotes community composition of the samples were
distinguished clearly from each other (Fig. 3d), indicating significant differences between the four seasons. In
addition, the samples at S2 in summer, and at S4 in autumn and winter were separated far from other samples
(Fig. S3b). The difference for each site was also significant. The top 10 taxa in the mean relative abundance of
micro-eukaryotes at phylum level are shown in Fig. 3f. Diatomea, Ciliophora, unclassified_k__Chloroplastida,
and unclassified_k__Stramenopiles were dominant in all samples. Unclassified_k__Chloroplastida was the most
predominant taxa in spring (25.9%), Diatomea was the most abundant taxa in summer (27.7%) and autumn
(32.2%), and Ciliophora was the most abundant taxa in winter (32.9%). The relative abundance of Diatomea
at S2 in spring (28.1%), summer (76.5%), and winter (51.6%) was higher than that at other sites. In addition, 8
of the 10 top abundant taxa had significant differences among the four seasons, while other two abundant taxa
Diatomea and unclassified_k__Stramenopiles showed no significant differences among the different seasons
(Fig. 3h). At genus level, Cyclotella (11.1%), Ochromonas (6.3%), and Cladophora (4.7%) were the dominant
micro-eukaryotes (Fig. S2b). The abundance of Cyclotella in spring (2.7%) was much lower than that in summer
(14.9%), autumn (16.5%), and winter (10.3%), while Cladophora abundance in spring (14.3%) was much higher
than that in summer (0.5%), autumn (1.7%), and winter (2.2%). The unclassified_f__Choreotrichia abundance
at S4 in four seasons was much higher than that at other sampling sites.

Co-occurrence patterns of microbial community

Network analysis was conducted to assess the microbial community complexity affected by seasonality (Fig. 4a).
The results of topological properties and network correlations were summarized in Table S1. The topological
characteristics demonstrate that the bacterial and micro-eukaryotic community coexistence patterns vary
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Fig. 4. Co-occurrence networks of bacterial and micro-eukaryotic communities in different seasons (a), and
keystone species analysis based on Zi-Pi plots for bacteria (b) and micro-eukaryotes (c).

significantly between the four seasons. The top 5 major modules in networks of bacteria and micro-eukaryotes
account for 81.64-87.88% and 85.69-91.12% of the nodes in four seasons, respectively. The number of nodes
and edges, average degree, and average clustering coefficient of the bacterial network in winter were higher
than those in the other three seasons, indicating that the most complex bacterial network was manifested in
winter, followed by autumn, spring, and summer. The lowest value of graph density and the highest values of
modularity and average path length were also found in summer. The network of micro-eukaryotes in spring was
much more complex and compact, with significantly higher nodes, edges, graph density, average degree, and
average clustering coeflicient, and significantly lower modularity and average path length than other seasons.
Obviously, most of the edges in these networks were positive, suggesting that positive correlation accounted for
most of bacterial and micro-eukaryotic communities. The proportions of positive correlation for bacteria and
micro-eukaryotes were ordered as autumn (86.26%) >winter (85.24%) > spring (67.44%) >summer (67.26%),
and winter (80.61%) >summer (74.03%) >autumn (69.58%) > spring (66.31%), respectively.

According to the values of within-module connectivity (Zi) and among-module connectivity (Pi), the
positioning of nodes (OTUs) in the network was classified into the following four categories: module hubs
(Zi>2.5, Pi<0.62), network hubs (Zi>2.5, Pi>0.62), peripherals (Zi<2.5, Pi<0.62), and connectors (Zi<2.5,
Pi>0.62). The module hubs, network hubs, and connectors are commonly defined as keystone species. No
node in the network hubs and more than 92% of the nodes in the peripherals were observed in the network
of both bacteria (Fig. 4b) and micro-eukaryotes (Fig. 4c). For bacteria, there were 1, 2, 5, and 1 module hubs,
and 2, 5, 2, and 49 connectors in spring, summer, autumn, and winter, respectively (Fig. 4b, Table S2). The
nodes of module hubs belonged to the dominant phyla, such as Bacteroidota, Proteobacteria, Actinobacteriota,
Patescibacteria, and Acidobacteriota. For micro-eukaryotes, no module hub was found in spring and autumn,
while 5 and 4 module hubs were found in summer and winter, respectively. They belonged to Cryptomycota,
Labyrinthulomycetes, Ciliophora, Protalveolata, unclassified_k__Chloroplastida, and Cercozoa. In addition, 2,
10, 48, and 34 connectors were found in spring, summer, autumn, and winter, respectively (Fig. 4c, Table S3).
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Correlations between microbial communities and environmental factors

The relationship between microbial communities and environmental factors was conducted to discern
significant linkages. Among the selected environmental factors in the present study, TN, WT, pH, ORP, and
DO were significantly varied in different seasons (Table S4), and TN, TP, COD, and EC were significantly varied
in different sampling sites (Table S5). The results of mantel test revealed that WT and ORP were significantly
correlated with community composition of both bacteria and micro-eukaryotes (r>0.2, p<0.01), and the
strongest relationship was found between WT and bacterial community (r>0.4, p <0.01) (Fig. 5a). In addition,
in order to identify the main factors affecting the bacterial and micro-eukaryotic communities, the correlation
analysis was conducted between the top 10 abundant phyla of microbial communities and the environmental
factors. TP, WT, and ORP were the main influencing factors in bacteria (Fig. 5b). TP was significantly positively
correlated with Campylobacterota, Firmicutes, and Patescibacteria (p<0.05). WT was significantly positively
correlated with Cyanobacteria, while significantly negatively correlated with Firmicutes (p <0.01). ORP was
significantly positively correlation with Bdellovibrionota (p <0.05), while significantly negatively correlated with
Proteobacteria (p <0.01), Campylobacterota (p <0.05), and Firmicutes (p <0.001). Environmental factors were
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**, and *** represent p <0.05, p<0.01, and p <0.001, respectively.
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Fig. 6. Assembly process of the microbial community in different seasons. (a) Fit of the neutral community
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occurred more and less frequently than predicted, respectively. The black solid line represents the best fit to the
NCM and the black dashed lines indicate the 95% confidence interval. (b) Relative contributions of different
ecological processes in assembling the bacterial and micro-eukaryotic community. (¢) Levins niche breadth
of bacterial and micro-eukaryotic in four seasons. Different letters represent significant differences among the
four seasons (p <0.01, multiple comparisons after the Kruskal-Wallis test).

mainly negatively correlated with the micro-eukaryotic community (Fig. 5¢). WT was significantly negatively
correlated with Chytridiomycota, Cryptomycota, and Protalveolata (p <0.05). ORP was significantly negatively
correlated with Protalveolata (p<0.01). EC was significantly negatively correlated with unclassified_k__
Crytophyceae (p <0.01) and Dinoflagellata (p <0.05).

Assembly process of microbial communities

The neutral community model (NCM) was employed to assess the potential contribution of stochastic processes
to the community assembly of bacteria and micro-eukaryotes (Fig. 6a). Most proportions of taxa for bacteria
(73.1%~78.6%) and micro-eukaryotes (63.9-69.9%) were within the dashed line. In addition, the NCM was
strong in explaining the bacterial community with the R? were 0.610, 0.689, 0.512, and 0.546 in spring, summer,
autumn, and winter, respectively, indicating the important roles of stochastic processes on bacterial community
assembly. The migration rate (m) was highest in summer (0.661), followed by spring (0.474), winter (0.328), and
autumn (0.260). The values of R? (0.108-0.485) and migration rate (0.044-0.125) in four seasons for micro-
eukaryotes were lower than bacteria, suggesting that less stochastic processes in micro-eukaryotes compared to
bacteria. Furthermore, the tendency of niche breadth in different seasons for the bacterial and micro-eukaryotic
communities was similar to the migration rate (Fig. 6¢). Bacterial communities exhibited relatively wider niche
breadth than micro-eukaryotic communities.

The null model based on the PNTI and RC;, . was applied to further determine the relative contributions of
stochastic and deterministic processes (Fig. 6b). The results showed that stochastic process was the dominant
process in all seasons for both bacteria and micro-eukaryotes. The deterministic process accounted for a
negligible proportion of variation in bacterial communities (0-0.5% for heterogeneous selection and 0-1.0%
for homogeneous selection). Dispersal limitation was the most important process affecting bacterial community

Scientific Reports |

(2025) 15:6974

| https://doi.org/10.1038/s41598-025-91664-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

assembly in spring (64.8%), autumn (71.4%), and winter (81.9%), while undominated was the most important
process in summer (45.2%). Dispersal limitation was dominant for micro-eukaryotic community assembly,
with proportions of 65.2%, 72.9%, 72.4%, and 55.2% in spring, summer, autumn, and winter, respectively.
The proportion of stochastic process for micro-eukaryotic communities in summer was higher than in other
seasons. In the deterministic process, the proportions of heterogeneous selection (4.3-17.6%) were significantly
higher than homogeneous selection (0-0.5%) in four seasons. Compared to bacteria, the deterministic process
in micro-eukaryotes was relatively higher.

Discussion

Spatiotemporal distribution characteristics of microbial community structure

The a-diversity and taxonomic composition of bacteria and micro-eukaryotes in the XJH were all affected by
seasonal variations. Similar results were also found in other urban rivers®*?>. However, It is inconsistent with the
result that the a-diversity of microbial communities was not affected by seasonal variation in the Yarlung Zangbo
River?®. Several possible reasons might explain this phenomenon. First, differences in environmental conditions
may result in differences of microbial community composition and diversity. The distribution of bacteria and
micro-eukaryotes in the XJH could be influenced by human activities such as sewage discharge, urban runoff,
and river canalization?’. While the Yarlung Zangbo River is a typical natural river and less disturbed by human
activities. Second, nutrients (nitrogen, phosphorus, etc.) and organic matter are considered as crucial factors
affecting the microbial abundance and diversity?®. Usually, natural rivers lack nutrient sources compared to
urban rivers, and nutrients varied greatly across different seasons in urban rivers than natural rivers. Third,
natural rivers possess greater self-purification abilities?’, whereas urban rivers may have diminished self-
purification capacity due to high pollution loads, channelization, and human interference, then resulting in
significant variations in microbial community structure. Some other studies have manifested that microbial
diversity in summer was higher than in other seasons!”"'. However, in the present study, the highest a-diversity
of bacteria and micro-eukaryotes was found in spring and winter. Similar results were also manifested in other
studies®®3!. It could be attributed to the precipitation. The XJH belongs to the subtropical monsoon humid
climate zone. Heavily precipitation usually occurs in summer in this region. Although precipitation could wash
nutrients and microorganisms from urban surface into surrounding rivers which leads to higher microbial
diversity®?, higher water flow and water volume are likely to strongly dilute the microorganisms and nutrients.
Indeed, the TN and TP concentrations in summer were much lower than those in winter (Table S4), suggesting
that nutrients might be diluted by heavy precipitation in summer. The effect of exogenous input is smaller than
dilution due to precipitation. Besides, in summer, numerous aquatic macrophytes emerged in this river. It could
compete with microorganisms for nutrients, thereby reducing the diversity of bacteria and micro-eukaryotes.
Usually, the spatial variation is not obvious on a small spatial scale because of the river connectivit)ﬁ. However,
significant spatial variation of a-diversity was found in this study area. In particular, the Chaol index of bacteria
and micro-eukaryotes in S4 was relatively lower than in other sites. It is probably due to the effects of human
activities. High intensity of human activity could reduce microbial diversity**. The $4 is located upstream of a
dam, which is used for flood control. Most microorganisms are attached to suspended particles in rivers. As
the sedimentation of suspended particles is due to dam construction, the quantity of microbes in the surface
water will be decreased®. In addition, the $4 is located in the central urban area of Zunyi. Exogenous pollution
through surface runoff, untreated domestic wastewater, and water sports like swimming and bamboo drifting
could reduce bacterial and micro-eukaryotic diversity.

The abundance of top three dominant bacterial phyla (Proteobacteria, Bacteroidota, and Actinobacteriota)
showed significant differences between different seasons (p < 0.05). It is consistent with several other studies>*3>3,
These phyla are common and typical freshwater bacteria in rivers. Temperature variation in different seasons has
been reported to influence the temporal variability of bacterial assemblages®. Diatomea is the largest group of
micro-eukaryotes and widely exists in flowing rivers. Interestingly, although the abundance of Diatomea showed
obvious difference between different sampling sites, no significant difference was found between different
seasons. It indicates that seasonal variation might be not the main factor affecting the distribution of Diatomea.
It has been revealed that the bacterial and micro-eukaryotic community composition all exhibited seasonal
variation according to the NMDS results. For bacteria, the samples from summer and autumn clustered together
and deviated from spring and winter. It might be attributed to the relatively lower temperature difference between
summer and autumn. For micro-eukaryotes, however, there were no overlap samples from different seasons,
demonstrating that micro-eukaryotes could have different adaptation and assembly mechanisms compared to
bacteria.

Co-occurrence networks of bacteria and micro-eukaryotes in different seasons

The interactions between microbial communities contribute more to ecological process than the relative
abundance and diversity of species in water ecosystems. It will affect the microbial community composition to
a certain extent and play important roles in maintaining the stability of ecosystem functions and structures®.
Co-occurrence network analysis can be effectively used to characterize the interaction between microbial
groups’®¥. Positive and negative correlations between edges of two nodes in co-occurrence networks represent
the reciprocal and competitive relationships, respectively. The proportions of positive correlations among
bacteria and micro-eukaryotes in all seasons were significantly higher than the negative correlations, indicating
the importance of synergistic cooperation among microorganisms in this urban river habitat. Most bacteria and
micro-eukaryotes resist the interference of external environmental variations through cooperative relationships
with other species. This is consistent with other studies?>34%, The number of nodes, edges, and average degree of
bacteria were higher in winter than in other seasons, indicating a high degree of complexity in winter. However,
the complexity of micro-eukaryotes in winter was lower than in other seasons. It might be due to the competitive
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relationship between bacteria and micro-eukaryotes. Usually, the increased complexity of co-occurrence
network could lead to higher community stability*>*. However, the modularity of bacteria and micro-eukaryotes
was higher in summer than in other seasons, which was not consistent with the complexity. It indicates that
network complexity does not necessarily represent network stability'®. The network modularity can enhance the
network stability under human activity interference*!. Furthermore, the different co-occurrence characteristics
between different seasons might be affected by other environmental factors such as WT and nutrients.

The keystone species play an essential role in the assembly and ecological functions of microorganisms in co-
occurrence networks. Although most of the keystone species belong to the dominant phyla, some keystone species
belong to Dependentiae, Synergistota, Gastrotricha, Vertebrata, Hyphochytriomycetes, Labyrinthulomycetes,
Mucoromycota, and Cnidaria with low abundance were also found (Table S2). It suggests that some of the low
abundance species could play non-negligible roles in maintaining microbial community stability. Previous
studies have shown that more keystone species may promote network stability to some extent!342, The number
of keystone species in winter for bacteria and in autumn and winter for micro-eukaryotes was significantly
higher than in other seasons. However, it cannot be concluded that the microbial networks are most stable
in winter according to the topological properties of co-occurrence network. In addition, the keystone species
varied significantly between different seasons in this study. Only one keystone species of micro-eukaryotes
(Paraphysomonas) was found in both autumn and winter (Table S3). Furthermore, no consistent keystone
species was observed between the four seasons of bacteria. Therefore, the stability of microbial networks could
be determined by multiple factors such as the complexity of networks, interactions of species, keystone species,
as well as external environmental interference.

Environment factors and assembly mechanisms of the microbial communities

The spatial variations of WT, pH, ORP, and DO were not obvious, probably because of the water connectivity
in this studied urban river with a small spatial scale. However, the concentrations of TN, TP, COD, and EC
downstream were relatively higher than those upstream. It might be due to the domestic sewage and surface
runoff which bring abundant nutrients in the city area. Increased human activities along the river could increase
the nutrient contents and change the proportion and forms of nutrients*>. The Environmental variations
determine the temporal and spatial distribution of microbial community in riverine ecosystems. Nutrients, DO,
pH, WT, and metals were determined to be the main environmental factors that could influence the microbial
community'. WT and ORP were detected as the most critical factors affecting bacterial and micro-eukaryotic
communities in the XJH. WT promotes the natural succession of microbial communities by influencing the
growth, reproduction, and metabolic capacity of microorganisms directly**-*¢. The seasonal variation in
ORP is also influenced by its temperature-dependency®’. Furthermore, other detected environmental factors
such as TN, TP, COD, pH, and EC also appear to have significant impacts on bacterial and micro-eukaryotic
communities. TN, TP, and COD are the foundation of microbial metabolism. They play pivotal roles in
modifying the trophic state of aquatic environments, thereby influencing the composition and dynamics of the
microbial community?>*. pH is considered to mediate the availability of ions and influence cellular osmotic
pressure and enzyme synthesis of microorganisms*. EC provides an indication of the overall concentration of
dissolved ions present in aquatic environments and has play an important role in the community structure of
micro-eukaryotes®. The significant negative relationship between EC and most micro-eukaryotes in the present
study might suggest that EC is an inhibitory factor of micro-eukaryotes.

Previous studies have shown that environmental factors cannot completely explain the microbial variations
due to the influence of diffusion and drift processes®’. The NCM and null model were then applied to reveal the
assembly process of bacterial and micro-eukaryotic communities in the XJH. The fitted values of NCM suggest
that stochastic processes play important roles in assembly of bacterial and micro-eukaryotic communities. Other
studies have confirmed that the stochastic process dominates the construction of microbial communities in river
ecosystems, which is consistent with our findings®*>!. Besides, channelization of river could accelerate the water
velocity™. The Zunyi unban section of the XJH has been channelized for landscape and flood control. Therefore,
the results of stochastic process in this study area may be attributed to relatively high flow velocity which could
be conducive to the microbial dispersal process. The migration rates (m) of bacteria and micro-eukaryotes in
spring and summer were higher compared with that in autumn and winter, indicating the dispersal rates of
microbial community in spring and summer were higher than in autumn and winter. It might be attributed to
the higher river connectivity in spring and summer. Frequent rainfall events in these seasons can cause high
connectivity in rivers and then enhance the migration and movement of organisms across the river®. In addition,
the migration rates of bacteria in all four seasons were significantly higher than those of micro-eukaryotes. It
indicates that bacterial cell dispersal might happen more frequently as a compensate mechanism for the random
loss of an individual bacteria compared to the micro-eukaryotic species®.

The results of contribution ratio between stochastic and deterministic processes further confirmed that
the stochastic process was dominated in bacterial and micro-eukaryotic communities in the XJH. It may be
mainly caused by dispersal limitation and undominated process such as drift. Besides, the deterministic process
could not easily be detected during this limited sampling period, which may not able to clearly observe the
evolutionary dynamics of bacterial and micro-eukaryotic communities®*. The contribution ratio of deterministic
process during the four seasons for bacteria was 0.5-2.4%, which can be ignored. The community variation
explained by deterministic process for micro-eukaryotes was 4.3-17.6%, which was significantly higher than
that for bacteria. It suggests that deterministic and stochastic processes affect the bacteria and micro-eukaryotes
differently. Different microorganisms have differences in body size, metabolic capacity, and dispersal ability. It
will affect the relative contributions of stochastic and deterministic processes. Smaller organisms such as bacteria
are less environment filtered than micro-eukaryotes, which are relatively larger organisms. Because the former
is more likely to have plasticity in metabolic abilities and have greater environmental tolerance than the latter™.
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Liu et al. also found that bacteria had higher adaptability to environmental changes than micro-eukaryotes!.
Micro-eukaryotes have more complex cellular structures and longer lifespans compared to bacteria. They
usually need more time for evolution and speciation, and then be more susceptible to deterministic factors®.
Therefore, deterministic process may have a greater influence on the assembly of micro-eukaryotes than bacteria.
Furthermore, the microbial community structure has changed due to the heterogeneity of environmental factors
in the XJH. So, the heterogeneous selection dominated the assembly of micro-eukaryotes in deterministic
process. The wider niche width in bacterial community also proves that bacterial community was less affected
by deterministic process®. The results also manifest that although stochastic process significantly influenced
the community assembly of bacteria and micro-eukaryotes, the NCM did not fully fit the bacterial and micro-
eukaryotic communities. It indicates that there could be a coexistence of other community assembly processes
and mechanisms such as species interactions and environmental filtering®. Undetected variables might lead
to unexplained variations in microbial communities®’. The variables may include some abiotic factors such
as metals and organic compounds®®, and some biological factors such as lytic bacterial viruses, protists,
zooplankton, aquatic plants, etc®0-52,

Conclusions

This study demonstrates that diversity and taxonomic composition of bacterial and micro-eukaryotic
communities in the XJH were all affected by seasonal and spatial variations. Compared to bacteria, micro-
eukaryotic community composition exhibited more intense spatiotemporal differences. There are significant
differences in the coexistence patterns of bacterial and micro-eukaryotic communities among the four
seasons. The proportion of positive correlations among bacteria and micro-eukaryotes in all seasons was
significantly higher than the negative correlations, indicating the importance of synergistic cooperation among
microorganisms in this urban river habitat. WT and ORP showed significantly correlated with the composition
of both bacteria and micro-eukaryotes, and they were the primary environmental factors influencing the
bacterial and micro-eukaryotic community construction process. The results of NCM and null model indicate
important roles of stochastic processes on community assembly of bacteria and micro-eukaryotes. In addition,
dispersal limitation was the most important process affecting the community assembly of both bacteria and
micro-eukaryotes. It also indicates that deterministic process has a greater influence on the assembly of micro-
eukaryotes than bacteria. Furthermore, relatively wider niche breadth was found in micro-eukaryotes compared
to bacteria. Overall, the assembly processes of bacterial and micro-eukaryotic communities in this urban river
were similar but exhibited different characteristics. These observations provide scientific references for further
research on the spatiotemporal variation and assembly mechanisms of microorganisms in urban rivers. However,
more biological and environmental factors that could influence microbial assembly processes in a larger study
area with more sampling sites and the mechanisms of difference in bacteria and micro-eukaryotes still need to
be revealed.

Data availability

All the data generated or analyzed during this study are included in this manuscript. The raw sequence data
supporting the findings of this study have been deposited at the Sequence Read Archive (SRA) in of National
Center for Biotechnology Information (NCBI) under accession numbers PRINA1175016 and PRJNA1175020
(https://www.ncbi.nlm.nih.gov/sra/).
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