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Karst rivers are highly susceptible to environmental disturbance due to their robust

hydraulic connectivity. However, current knowledge of the mechanisms that

regulate the assembly of bacterial and protistan subcommunities in river

ecosystems, particularly in karst regions, is limited. By employing 16S and 18S

rRNA gene amplicon sequencing, we explored how the diversities and assembly of

abundant and rare bacterial and protistan subcommunities adapt to the local

environmental variables in a karst river. Both bacterial and protistan rare

subcommunities in karst river environments showed a similar biogeography to

their abundant subcommunities. Also, a significant distance-decay pattern was

observed in all components of the bacterial and protistan subcommunities along

the Chishui River, with the rare subcommunities showing a more pronounced

distance-decay pattern compared to the abundant subcommunities. Except

protist rare subcommunity, the abundant and rare bacterial and abundant

protistan subcommunities were strongly structured by the dispersal limitation

processes rather than heterogeneous selection. Either bacteria or temperature,

elevation and conductivity were the primary drivers for both abundant and rare

subcommunities. Additionally, our results suggested that the rare subcommunities

contribute significantly to the persistence and stability of microbial networks in the

Chishui River, as they exhibited a higher number of keystones compared to the

abundant subcommunities. Overall, our study revealed that in the karst river

ecosystem, abundant bacterial subcommunities had a higher potential for

environmental adaptation than rare bacterial and protistan subcommunities and

identified the factors that moderate their assembly processes.

KEYWORDS

karst river, biogeography, community assembly, rare bacteria, rare protist,
stochastic processes
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1 Introduction

The microbial determinants can shape the biogeography and

structure of the microbial communities, which are crucial research

areas in the ecology. These communities significantly influence the

global biogeochemical cycles, bioremediation, and food webs (Hosen

et al., 2017). A typical microbial community is a mixed culture of an

abundant subcommunity (with low diversity) and a rare

subcommunity (with high diversity). Among them, the abundant

subcommunities are essentially important for biomass production

and element cycling (Nemergut et al., 2011). However, studies

showed that the rare subcommunity could remarkably affect the

function and stability of the microbial community (Jia et al., 2018).

In either abundant or rare subcommunities, a comprehensive

understanding of the biogeography and assembly mechanisms is of

outstanding subjects to advance our knowledge about microbial-

driven ecosystem processes and functions. Therefore, it is vital to

completely study the biogeography and assemblymechanisms in these

subcommunities. Despite previous works that mainly emphasized the

abundantmicrobial subcommunity due to their role in carbon cycling

and biomass production, it is essential to understand the assembly

mechanisms in the rare subcommunity (Jia et al., 2018). Amethodical

analysis of both subcommunities can cause a better understanding of

microbial ecosystem dynamics and functions (Nemergut et al., 2011;

Pikitch, 2018). However, recent studies highlighted the importance of

the rare microbial subcommunities, which exhibited higher metabolic

activity in comparison to the abundant subcommunities and is critical

to ecosystems (Jia et al., 2018). Furthermore, the rare subcommunity

indicates distinctive functional properties and dissimilar

biogeographical patterns compared to their abundant counterparts

(Jiao and Lu, 2020). However, the current research on the abundant

and rare subcommunities has been around the comparison among the

structure and dynamics in soil (Gao et al., 2020; Jiao and Lu, 2020),

ocean (Mo et al., 2018; Li et al., 2021), and lakes (Zhang et al., 2022).

Therefore, despite the importance of the assembly mechanisms of

abundant and rare microbes in rivers for ecosystem response

prediction during environmental changes, the current findings have

not been sufficient in this domain.

A thorough understanding of the composition of microbial

communities is essential to characterize the typical function of

individual species and their links to ecosystem functions, and to

influence biogeochemical processes (Lu et al., 2020; Pan et al.,

2022). Although some resemblances between abundant and rare

subcommunities have been observed, diverse microbial types have

showed unique biogeographical patterns, even for identical

environments (Liu et al., 2015; Hou et al., 2020; Li et al., 2021;

Bai et al., 2023). In our paper, the objective was to investigate

bacterial and protistan subcommunities as essential constituents of

the microbial food chain in river ecosystems (Cruaud et al., 2019;

Hirakata et al., 2020; Husnik et al., 2021). Despite previous studies

about the metacommunity dynamics of river microbiomes (Carraro

et al., 2018; Chen et al., 2019), there is still limited research on the

main factors of organism types’ patterns, especially analyzing

abundant and rare subcommunities separately (Cruaud et al., 2020).

Deterministic factors (e.g., heterogeneous or homogeneous

selection), stochastic factors (e.g., dispersal limitation and
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homogenizing dispersal), and drift processes show a significant

effect on shaping the microbiome of a community containing

individual organisms (Stegen et al., 2013). Recent works proposed

that the configuration of microbial communities in aquatic

ecosystems is affected by deterministic and stochastic

mechanisms. The interplay between these procedures is

vulnerable to the influence of complicated factors (Gweon et al.,

2021; Zhang et al., 2022). In flowing water ecosystems (like rivers

and streams), the variables such as pH, temperature, dissolved

oxygen, and levels of nitrogen and phosphorus nutrients have

caused a substantial influence on species sorting (Chen et al.,

2020; Wang et al., 2021). Additionally, the hydrological

characteristics of these ecosystems (such as dams, flow direction,

and water retention time) are likely critical to regulating the balance

between deterministic and stochastic mechanisms (Cruaud et al.,

2019; Shen et al., 2020). Regardless of the numerous studies about

the bacterial, protistan, and fungal communities in flowing water

ecosystems, a significant portion of them has concentrated on the

overall community. Also, trivial research has been performed on the

biogeographical distribution of abundant and rare subcommunities

and the mechanisms of the communities’ diversity in river

ecosystems. The lack of this knowledge limits our ability to

anticipate the response of microbiomes to environmental changes

in rivers.

Despite numerous studies in marine, soil, and lake ecosystems

(Jiao et al., 2020; Wang Z, et al., 2020; Cheng et al., 2021; Li et al.,

2021), the studies on the microbial community assembly in river

ecosystems (especially karst rivers) are still relatively limited. It is a

challenge to make broad generalizations about freshwater systems.

The Chishui River is located at the intersection of the Yunnan-

Guizhou Plateau in Southwest China as a karst river, which is the

ultimate unblocked primary tributary of the upper Yangtze River

(Buckerfield et al., 2019; Xiang et al., 2020; Wu T, et al., 2022). With

a length of 436.5 km and an elevation gradient from 2200 m to 200

m at the outlet, the Chishui River ecosystem offers unique

opportunity to study the spatial variability of microbial

community structures and their assembly mechanisms. Our

knowledge has already been limited about the microbial

community assembly in the natural rivers of the karst regions

(Xiang et al., 2020). The main emphasis of earlier research on

microbiomes in karst rivers was on the analysis of diversity,

composition, migration, pathogenic bacteria, and the

characterization of specified functional microbiomes (Menning

et al., 2017; Ender et al., 2018; Buckerfield et al., 2019). However,

the assembly mechanisms of the microbial communities in karst

river ecosystems and their adaption to the environment are not still

fully understood.

This work aimed to explore the bacterial and protistan

communities in the Chishui River through 16S rRNA and 18S

rRNA gene amplicon sequencing. The main purpose was to find the

biogeographical patterns and assembly mechanisms in microbial

subcommunities. A particular emphasis was on investigating two

scientific subjects: 1) the diversity and co-occurrence relationships

of the abundant and rare bacterial subcommunities and the

abundant and rare protistan subcommunities, 2) the factors for

the assembly of these subcommunities in a karst river. The
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mentioned subjects were investigated for a deeper comprehension

of the ecological role of microbial communities in karst rivers, along

with their adaptation possibility to the environment.
2 Materials and methods

2.1 Sampling and data collection

In this study, the methodology and data published byWu Y, et al.

(2022) were used. It involved the evaluation of water physicochemical

parameters and samples. The samples were collected from eleven sites

along the Chishui River on 14 September 2021 (Supplementary

Figure 1). At each site, three repetitive samples were prepared. The

dissolved oxygen (DO), pH, conductivity, and temperature (T) were

measured in situ by using a multi-parameter water quality probe

YSIEXO2 (Yellow Springs Instruments, USA). The chemical oxygen

demand (COD), turbidity, total phosphate (TP), total nitrogen (TN),

and heavy metal concentrations were also analyzed by standardized

testing methods. The concentration of heavy metals (e.g., V, Cr, Mn,

Co) were simultaneously determined with an inductively coupled

plasma mass spectrometry (ICP-MS) (Agilent 7500 series, USA).

Furthermore, the elevation of each sampling location was

documented by a GPS device.
2.2 Sequencing of 16S and 18S rRNA gene
amplicons and data analysis

The analysis and detailed data of bacterial communities for the

Chishui River were presented by Wu Y, et al. (2022). A dual-index

sequencing strategy was used to amplify the V3-V4 regions with

universal primers 338F (50-ACTCCTACGGGAGGCAGCA-30) and

806R (50GGACTACHVGGGTWTCTAAT-3). The amplification

conditions were as follows: initial denaturation at 98°C for 2 min,

followed by 25 cycles of 98°C for 30 s, 50°C for 30 s and 72°C for 1min,

ending with a final extension at 72°C for 5 min. Also, protistan

communities data were obtained using the primer sequences

TAReukREV3 (5′-ACTTTCGTTCTTGAT(C/T)(A/G)A-3′) and

TAReuk454FWD1 (5′-CCAGCA(G/C)C(C/T)GCGGTAATTCC-3′)
for 18S rRNA sequencing (Stoeck et al., 2010). According to our used

protocol, a PCR test was performed that started with an initial

denaturation phase at 95°C for 5 mins, followed by 30 cycles of 94°C

for 30 s, 47°C for 45 s, and 72°C for 1min, and culminatingwith a final

extension phase at 72°C for 5 mins. Following the PCR amplification,

the QIAquick PCR purification kit (QIAGEN, Germany) was utilized

to collect, purify and concentrate all PCR products. Subsequently,

paired-end sequencing (2 × 250 bp) was performed on the Illumina

HiSeq platform at Beijing Nuohe Biotechnology (Beijing, China) to

obtain the sequencing data.

In this work, a processing technique similar to that in16S rRNA

gene sequencing was adopted to preserve the integrity of 18S rRNA

gene sequencing. First, the raw reads were mapped to sample

barcodes, and primer sequences were trimmed with one

nucleotide mismatch. Then, Btrim was then used to remove those

reads with an average quality thread of 20 at a window size of five.
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Second, the FLASH program was used to merge the paired-end

sequences (> 200 bases) with at least 10 bp overlap (Magoc and

Salzberg, 2011). Only the sequences without any ambiguous bases

and > 250 bp were kept for forwarding analysis. Next, chimeras

were removed against the SILVA database (Quast et al., 2013) and

Protist Ribosomal Reference databases (PR2, version 4.11.1)

(Guillou et al., 2013) for 16S and 18S rRNA gene sequences,

respectively. Finally, a clustering threshold of 97% was applied to

classify the sequences into operational taxonomic units (OTUs) by

UPARSE, while singletons were discarded (Edgar, 2013). All

analyses were performed on a publicly available Galaxy pipeline

(http://mem.rcees.ac.cn:8080/) (Feng et al., 2017). The microbial

data has been stored in the NCBI SRA and assigned the accession

number PRJNA938286, making the data is made publicly available

for future research and analysis.
2.3 Ecological process and
molecular ecological network
of the metacommunities

The ecological dynamics of microbial subcommunities in

Chishui River water were quantified using the same methods as

described before (Stegen et al., 2013; Wu Y, et al., 2022). The b-
Nearest Taxon Index (b-NTI) and Raup-Crick (RCBray) were used

to indicate the phylogenetic and taxonomic diversity variation or

inversion based on null model-based b-diversity. Then, b-NTI was
combined with RCBray to evaluate the contribution of deterministic

and stochastic drivers in structuring the bacterial and protistan

subcommunities in the Chishui River. Furthermore, a molecular

ecological network analysis pipeline (MENA, available at http://

ieg2.ou.edu/MENA/) (Deng et al., 2012) was used to examine

microbial interactions in the Chishui River ecosystem.

Specifically, four phylogenetic molecular ecological networks were

generated for the abundant and rare subcommunities. MENA

utilizes an interface method that is based on random matrix

theory to detect and visualize microbial interactions among

subcommunities. Only the OTUs appeared in over 25 samples (a

total of 33 for each group) were utilized to construct the network.

Then, the MENA pipeline was employed to calculate topological

properties and modularity and visualize via Gephi 0.9. Another

objective of our study was to identify keystone nodes for each

subcommunity by assessing their within-module connectivity (Zi)

and among-module connectivity (Pi) (Guimerà and Amaral, 2005).

Four types of nodes were identified as potential keystones: (i)

module hubs (highly connected nodes within modules with Zi >

2.5 and Pi ≤ 0.62), (ii) network hubs (highly connected nodes within

the entire network with Zi > 2.5 and Pi > 0.62), (iii) connectors

(nodes that connect modules with Zi ≤ 2.5 and Pi > 0.62), and (iv)

peripherals (nodes with Zi ≤ 2.5 and Pi ≤ 0.62) (Deng et al., 2012).
2.4 Statistical analysis

For taxa classification, a relative abundance threshold of 0.1% in

total sequences was defined as “abundant” taxa, while those with
frontiersin.org

http://mem.rcees.ac.cn:8080/
http://ieg2.ou.edu/MENA/
http://ieg2.ou.edu/MENA/
https://doi.org/10.3389/fmars.2023.1228813
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2023.1228813
relative abundances below 0.01% were classified as “rare” (Liu et al.,

2015; Jiao and Lu, 2020). One-way ANOVA was used to examine

the variation in the environmental parameters, including a-
diversity, relative abundance, and intra-cluster and inter-cluster

dissimilarity in the Chishui River water. For the sequence

normalization, the minimum number of reads was used to

resample the differences in sequencing depth and was determined

to be 38,026 (for bacteria) and 68,668 (for protists) per sample. The

b-diversity was evaluated by means of the Bray-Curtis distance

calculation. Different statistical approaches (including correlation

analysis, Adonis test, and Mantel test) were utilized to determine

the correlations or differences between variables and/or samples.
3 Results

3.1 Geochemical characteristics

A comparison of 20 environmental variables measured along

the Chishui River was performed, as presented in Supplementary

Figure 2. It was observed that elevation and turbidity displayed a

decreasing trend along the river, while conductivity and

temperature showed an opposite pattern. The P3 site represented

the maximum TN, TP, and COD. The variation in heavy metal

concentrations differed among sampling sites (Supplementary

Figure 3). For example, the concentration of Fe, Co, and Ba

showed an increasing trend alongside the river, while Mn was

significantly (p < 0.01) higher in P1 compared with in other sites.

Additionally, the Ca in the P11 site was remarkably (p < 0.05) lower

than in other places.
3.2 Distribution and diversity of microbial
subcommunities in the Chishui River

A total number of 33 water samples was analyzed, 14,142 bacterial

and 11,112 protistan OTUs were characterized. Rarefaction curves

showed a trend towards saturation, indicating that the sequencing

depth was sufficient (Supplementary Figure 4). A small fraction of

highly abundant OTUs accounted fora significantly higher proportion

of the total relative abundance compared to a larger fraction of rare

OTUs. Specifically, on average, only 1.01% of bacterial OTUs and

0.26% of protistan OTUs were classified as abundant, while they yet

accounted for a much higher portion of the relative abundance (57.68%

and 65.37%, respectively) (Supplementary Figure 5A). Comparatively,

16.13% of bacterial OTUs and 11.53% of protistan OTUs were

identified as rare, but only 10.64% and 2.22% were attributed to the

relative abundance, respectively, for bacteria and protistans

(Supplementary Figure 5B). There were 13,103 rare bacterial OTUs

and only 157 abundant OTUs, while 10,083 rare protistan OTUs and

only 144 abundant OTUs were characterized for protists

(Supplementary Figures 5C, D). Generally, significant abundance-

occupancy correlations were observed between both bacterial and

protistan OTUs, showing a stronger correlation between rare

subcommunities than the abundant subcommunities.
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Substantial dissimilarities were observed in biodiversity and

community composition between the rare and abundant

subcommunities of bacterial and protistan subcommunities.

Compared to the rare subcommunity, the abundant subcommunity

showed significantly (p < 0.05) higher diversity values of observed

richness, Inv_simpson index, and Chao1 and Shannon diversity

(Supplementary Figure 6). Also, the rare subcommunity showed a

significantly (p < 0.05) higher community dissimilarity than the

abundant subcommunity for both bacteria and protists

(Supplementary Figure 7). For 33 samples, the population of bacteria

was higher than the protists’ number (Supplementary Figures 8, 9).

Both rare and abundant subcommunities represented great

phylogenetic diversity, with most species belonging to Proteobacteria,

Actinobacteria, Firmicutes, and Bacteroidetes for bacteria

(Supplementary Figure 10A), and Chlorophyta, Diatomea, and

Streptophyta for protists (Supplementary Figure 10B). From

Figure 1, an analysis was performed to determine the phylogenetic

pattern of the rare and abundant subcommunities and their correlation

with environmental factors (whether positive or negative). The results

showed that the abundant bacterial subcommunities were mainly

comprised of Proteobacteria and Acidobacteria. However, those

found in rare subcommunities were predominantly composed of

Bacteroidetes. Similarly, abundant protistan subcommunities were

mostly included Chlorophyta, c_Chrysophyceae, and c_Cryptophyceae,

but rare protistan subcommunities were composed of Chlorophyta,

c_Spirotrichea, and unclassified organisms.
3.3 Assembly processes for microbial
subcommunities in the Chishui River

A consistent pattern of community differentiation was achieved

concerning geographical distance for both bacterial and protistan

subcommunities in the Chishui River ecosystem (Figure 2).

Spearman’s correlation coefficients for b-diversity versus

geographic distance were significant (p <0.001) for both abundant

and rare subcommunities (Figure 2). In either abundant or rare

subcommunities, the slopes of the distance-dissimilarity curves

were remarkably steeper in protists (0.001, abundant; 0.0006,

rare) compared with in bacteria (0.0009, abundant; 0.0003, rare).

Also, they were steeper in the abundant subcommunities compared

to the rare ones. According to these findings, both bacterial and

protistan subcommunities represented a consistent decrease in

community similarity alongside the Chishui River. Additionally,

higher community differentiation was observed in the protistan

subcommunities compared to their bacterial counterparts.

To gain a comprehension of the assembly mechanisms that

drive the biogeographical pattern of the abundant and rare

subcommunities, the extent to which ecological processes

contribute to the assembly of bacteria and protists was assessed

for the Chishui River ecosystem. In either abundant or rare

subcommunities, significant (p <0.001) phylogenetic signals were

shown for both bacteria and protists (Supplementary Figure 11).

The rare protist subcommunity was shaped by both deterministic

(44.51%) and stochastic (55.49%) processes, while the abundant
frontiersin.org
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bacteria, abundant protists, and rare bacteria were mainly driven by

stochastic processes (78.87%, 82.2%, and 80.87%, respectively).

Additionally, dispersal limitation was identified as the primary

factor governing the assembly of bacterial subcommunities
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(abundant vs rare: 77.08% vs 69.89%), and the abundant protistan

subcommunity (82.87%). Comparatively, the rare protistan

subcommunity was remarkably affected by a heterogeneous

selection process (44.32%) (Figure 3A).
D

A B

C

FIGURE 2

Spearman’s correlations between geographical distance and Bray-Curtis dissimilarity of bacteria-abundant (A), bacteria-rare (B), protist-abundant (C)
and protist-rare (D) subcommunity (with n representing the number of comparisons).
A B

FIGURE 1

The correlation between the environment and the taxonomy of the abundant and rare subcommunities of bacteria (A) and protists (B) in the water
of the Chishui River.
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3.4 Driving factors of assembly processes
for the microbial subcommunities in the
Chishui River

Niche widths were investigated to study the abundant and rare

subcommunities which adapted to environmental changes. The water

habitat niche widths of the abundant bacterial subcommunity in the

Chishui River were significantly (p < 0.05) higher than those of the

rare bacterial and protistan subcommunities. However, the protist

showed insignificant (p > 0.05) differences between its abundant and

rare subcommunities (Figure 3B). These findings showed that the

abundant bacterial subcommunity likely possesses higher metabolic

flexibility in comparison to other subcommunities at the community

level. A correlation analysis was performed between the abundant

and rare subcommunities and environmental factors for further

exploring the environmental drivers in our dataset. Multiple

factors, as determined by Spearman’s correlation analysis, played a

significant role in structuring the diversity of bacterial and protistan

subcommunities in the Chishui River ecosystem. Specifically,

significant factors included elevation, temperature, conductivity,

dissolved oxygen, and barium (Supplementary Table 1). For

example, elevation showed a significant (p < 0.05) positive

correlation with Shannon diversity of all microbial subcommunities

but an inverse correlation with temperature (Supplementary Table 1).

These findings were further confirmed by the Mantel test, which

showed a significant (p < 0.05) relationship between the b-diversity of
both the abundant and rare subcommunities of bacteria and protists

with elevation, temperature, and conductivity (Figures 4A, B). Heavy

metals represented a weak correlation with the microbial

subcommunities in the Chishui River ecosystem. The Adonis

analysis showed that elevation caused the most significant effect on

the diversity of microbial subcommunities. Protists were more

affected by elevation than bacteria (Figure 4C). Turbidity, pH,

conductivity, and temperature followed elevation in their

contribution to the observed variation among subcommunities,

while heavy metals showed a trivial effect (Figure 4C). These results

suggested that the subcommunities showed distinct preferences for

different environmental conditions. Additionally, the abundant

bacterial and protistan subcommunities showed a more significant

relationship with environmental factors than the rare subcommunity.
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A correlation analysis was conducted using main variables such

as elevation, temperature, pH, turbidity, and conductivity (Figure 4;

Supplementary Table 1) to investigate the correlation between

environmental variables and the assembly process of these

microbial subcommunities. Our results represented a remarkable

(p < 0.05) positive relationship between temperature and bNTI. It
suggested that higher temperatures affected the assembly of the

protistan subcommunities as a deterministic process (Figures 5A, B).

A similar correlation was observed between bNTI of abundant

bacteria and temperature (Figure 5C). Additionally, both elevation

and conductivity for rare protists showed a highly positive

correlation with bNTI (Figures 5D, E). With the increase in

Dtemperature, Delevation, and Dconductivity, the ecological

process of rare protistan subcommunity changed from stochastic

to deterministic processes.
3.5 Co-occurrence network analysis
of microbial subcommunities in
the Chishui River

The metacommunity co-occurrence networks were constructed

to evaluate the co-occurrence among abundant and rare bacteria

and protists in the Chishui River ecosystem. The network of the

microbial subcommunities was established using Spearman’s

correlation coefficients (Figure 6; Supplementary Table 2). The

empirical networks for bacterial and protistan subcommunities

showed higher average clustering coefficient, harmonic geodesic

distance, and modularity compared with their random networks

(Supplementary Table 2). According to the results, the co-

occurrence network of microbial communities in the river

showed a non-random modular structure. This structure was

primarily influenced by the taxonomic similarity of the coexisting

species. Network complexity was found to be higher for the

abundant subcommunity compared to the rare subcommunity,

with the average degree for the Chishui River bacterial and

protistan community networks being 11.712, 2.46, and 5.178, 2.38

(Supplementary Table 2), respectively. The bacterial subcommunity

networks were higher and more complicated than those of the

protistan subcommunities, with statistical significance (p < 0.05)
A B

FIGURE 3

The ecological process (A) and niche width (B) (log10 transformed) of the bacterial and protistan subcommunities in the Chishui River water.
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indicated by several network topological metrics. Further

examination of the networks of these subcommunities (Figure 6)

showed that the abundant subcommunity for bacteria and protists

was characterized by positive links, and the network modularity was

>0.451 in all networks (Supplementary Table 2). However, the rare
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subcommunity was identified by negative links. Additionally,

potential keystones were characterized in the microbial

subcommunities of the Chishui River by using the values of

within-module connectivity (Zi) and among-module connectivity

(Pi). A total of 3, 5, 2, and 17 connectors were observed,
D

A B

E

C

FIGURE 5

Spearman’s correlations between bNTI of the subcommunities and variations in Chishui River water. Relationships between bNTI and variations in
water temperature for protistan abundant (A), protistan rare (B) and bacterial abundant (C) subcommunity, respectively. Relationships between bNTI
and variations in elevation (D) and water conductivity (E) for protistan rare subcommunity, respectively. D: changes of water conditions among
different samples.
A B

C

FIGURE 4

Environmental drivers of bacterial (A) and protistan (B) subcommunities composition in the Chishui River water. The Spearman’s correlation
coefficients between environmental factors are displayed using a color gradient in the pairwise comparisons. Partial mantel tests were employed to
examine the relationship between the composition and each environmental factor, and to evaluate the potential drivers’ contribution to the variation
of abundant and rare taxa and different subcommunities in the water of the Chishui River (C).
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respectively, for the abundant bacteria, rare bacteria, abundant

protist and rare protist. (Figure 7; Supplementary Table 3). The

potential keystone taxa in the rare protistan subcommunity were

mostly Eukaryota (e.g., the OTU_9879, OTU_5441, OTU_653,

OTU_6981, OTU_792, OTU_1043, OTU_2290, OTU_1090,

OTU_1438, OTU_1180, OTU_1217, OTU_881, and OTU_3362).

The results showed that these bacterial and protistan

subcommunities possessed unique network configurations and

topological roles for each OTU and potential keystone taxa.
4 Discussion

Acquiring knowledge about the dissimilarities in assembly

procedures between abundant and rare subcommunities is of utmost

importance due to the modifications in river ecosystems. In this work,

the ecological mechanisms and the biogeographical distribution of

bacterial and protistan subcommunities was investigated, regulating

their assembly in the Chishui River. Our findings showed that the

biogeography of abundant and rare subcommunities of bacteria and

protists in the Chishui River was comparable. Additionally, our results

showed that dispersal limitation caused a considerable impact on

generating the assembly of the abundant bacterial and protistan

subcommunities. Also, selective pressures were the primary driving

force behind the rare protistan subcommunity. These findings were

essential to comprehend the mechanisms in establishing and sustaining
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the microbial diversity of karst rivers, particularly under global

environmental changes.

A thorough understanding of the microbial biogeography and

assembly mechanisms of abundant and rare subcommunities is vital

to predicting the health of river ecosystems and water quality.

Despite being lower prevalent, rare subcommunities showed a

considerably higher population higher a-diversity compared to

abundant subcommunities. These results emphasized the

significance of taking into account the rare microbial taxa for

investigating the general diversity and health of the river

ecosystems (Liang et al., 2020). Also, earlier studies demonstrated

that rare species could function as a protection for the entire

community in the event of external disturbances (Chen et al.,

2020). Additionally, evidence showed that the rare subcommunity

displayed a lower level competition for nutrients compared to the

abundant subcommunity, which likely led to a decrease in the a-
diversity of the overall composition (Xue et al., 2018). According to

our results, the abundant and rare subcommunities of bacteria and

protists showed similar spatial patterns alongside the Chishui River.

Similar observations were obtained in previous studies for the large

river in the Cascade Reservoirs (Chen et al., 2020), the Yangtze

River (Wang Y. et al., 2020), and the river networks of the Taihu

Basin (Zhang et al., 2022). The abundant bacterial and protistan

subcommunities were likely the dominant taxa in the water of the

Chishui River, and these subcommunities showed lower

community dissimilarity (Xue et al., 2018). Furthermore, these
D

A B

C

FIGURE 6

The correlation-based network displays the associations within subcommunities, nodes represent individual Operational Taxonomic Units (OTUs)
and their respective phyla. Co-occurrence network of bacterial abundant (A), bacterial rare (B), protistan abundant (C) and protistan rare (D)
subcommunity, respectively.
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findings implied that the rare subcommunities of either bacteria or

protists were not collected randomly. Also, it showed that these

subcommunities responded similarly to environmental changes in

the river, just like the abundant subcommunities (Liao et al., 2016;

Zhang et al., 2022).

The study of the mechanisms that govern assembly is a critical area

of microbial ecology and is essential for assessing the adaptation of

microbial communities to local environmental changes (Stegen et al.,

2013; Zhou et al., 2013). The composition of the abundant and rare

subcommunities for bacteria and protists was primarily determined by

stochastic processes, which showed greater resilience compared to

deterministic processes. It was consistent with studies for the Yarlung

Tsangpo River (Wang et al., 2021), lakes and reservoirs (Liu et al.,

2015), in which the microbial subcommunities were predominantly

affected by the dispersion. There were several interpretations that could

be associated with this observation. First, the abundant species were

likely to have greater dispersal abilities and were more likely to

experience significant immigration compared to rare species (Chen

et al., 2020; Jiao and Lu, 2020). Additionally, the abundant species had a

wider range of nutrient resources available to them than the rare

species, which were often restricted to specific substrates (Jia et al.,

2018). It could make the dispersal of abundant species easier to

colonize in new environments (Vergin et al., 2013; Jia et al., 2018).

However, previous studies have suggested that the dispersion of rare

subcommunities was limited in subtropical bays (Mo et al., 2018), salt

marsh ecosystems (Du et al., 2020), and oil- contaminated soils (Jiao

et al., 2017), and Plitvice Lakes (Čačković et al., 2023). The variation in

habitats and spatial scales likely accounts for the difference in results

(Shi et al., 2018). It is imperative to conduct further research that

investigates the effect of stochastic factors such as extinctions or
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mutations to develop our insight into the distribution of microbial

communities in karst rivers. The balance between stochastic and

deterministic ecological processes has been remarkably influenced by

environmental factors (Jiao et al., 2020). Previous studies have showed

that various factors (including pH (Cao et al., 2017), elevation (Liu

et al., 2018), temperature and nutrients (Chen et al., 2021; Geisen et al.,

2021), the surrounding landscape (Kolmakova et al., 2014), and the

remaining time of water in a particular location [Read et al., 2015) or

additional stress factors (Hosen et al., 2014)], could directly or

indirectly affect the makeup of the entire bacterial or microbial

communities. However, there is still no consensus on the specific

drivers that influence microbial communities in different river

ecosystems. The current insufficient empirical evidence highlights the

need to evaluate the effect of drivers on the structures of both abundant

and rare subcommunities in river ecosystems. However, the elevation,

temperature, and conductivity in either abundant or rare

subcommunities were the primary drivers for bacteria and protists,

while elevation had the most significant effect on their structures.

Furthermore, these findings were consistent with those of a major river

bacterioplankton community (Chen et al., 2020), where the

environmental factors showed a higher effect on the structure of

abundant subcommunity compared to rare subcommunity for both

bacteria and protists. This observation likely explained the broader

niche breadth of abundant bacterial subcommunities compared to rare

bacterial subcommunities. The significance of function and

composition could not be neglected for considering the stability of

the microbial community (Wang Y, et al., 2020; Wang et al., 2021).

However, there were limited studies on microbial function

compared with taxonomic composition. It was mainly due to the

challenges in discerning between abundant and rare subcommunities
D

A B

C

FIGURE 7

The Zi-Pi plots depict the dispersion of OTUs based on their topological positions as potential keystone species within bacterial abundant (A),
bacterial rare (B), protistan abundant (C), and protistan rare (D) subcommunities.
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(Wang et al., 2021). In the future, it is essential to conduct research that

simultaneously reveals the biogeographical pattern of both taxonomy

and function. It will help distinguish between abundant and rare

subcommunities to maintain ecological stability in river ecosystems.

Within the network of co-occurring microbial communities,

positive interactions between different species were commonly

observed as cooperative relationships. However, our results showed

that positive connections were prevalent in the abundant

subcommunities of bacterial and protistan communities. The

negative connections were more common in the rare subcommunity.

Therefore, the frequent cooperation in either the abundant or rare

subcommunities likely bolstered their resilience to environmental

disturbances by serving as a safeguard against potential disruptions

(Konopka et al., 2015). These results likely provided insight into the

wider niche breadth of the abundant bacterial subcommunity. A higher

number of keystone taxa in bacterial and protistan rare

subcommunities compared with abundant subcommunities showed

that the rare subcommunity likely had a crucial effect on the overall

health and stability of the community. It was consistent with a prior

investigation of bacterial communities in the Yangtze River (Wang Y,

et al., 2020). Differing from abundant taxa, studies have shown that

metabolically active microbes are more commonly found among rare

ones. These rare taxa could serve as keystones with a significant effect

on regulating the aquatic ecosystem functions (Lynch and Neufeld,

2015). Although the population of rare species was not as much as that

of abundant taxa, evidence suggested that they could serve as an

inexhaustible source of genetic diversity and perform crucial functions

in ecological systems (Galand et al., 2009; Jia et al., 2018). Furthermore,

rare taxa possessed the ability to survive and become prevalent in

favorable environments (Shade et al., 2014), which could help the

durability and stability of a community (Shade and Gilbert, 2015).

These results suggested that rare subcommunities could play a critical

role in the community composition (Ma et al., 2016). Therefore, it

could be inferred that the rare subcommunities was likelymore crucial

compared with abundant subcommunities in preserving the overall

composition of the community.
5 Conclusions

In this study, the assemblage of bacteria and protists in the

Chishui River was systematically investigated by analyzing

abundant and rare subcommunities. We confirmed that abundant

and rare subcommunities along the Chishui River showed

comparable biogeographic trends, regardless of whether they were

bacteria or protists. Stochastic processes were the primary driving

force behind the structures of abundant subcommunities for both

bacteria and protists. A more pronounced dispersal limitation was

observed in the structuring of the abundant subcommunity

compared to the rare subcommunity. Also, rare bacteria were

more susceptible to this process than rare protists. According to

our results, changes in elevation, temperature, and conductivity of

either abundant or rare subcommunities were the main drivers of

the structure of bacteria and protists. Additionally, the co-occurring

networks revealed that the occurrence patterns of bacteria and

protists were not random. The rare subcommunity had a higher
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number of keystones, indicating a important role in maintaining the

stability and durability of the microbial communities. Our study

provided important insights into how abundant and rare microbial

species adjusted to the variations in the surroundings, and it may

help predict the potential loss of biodiversity by anthropogenic

activities and climate change in karst riverine ecosystems.
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