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ABSTRACT
The topology and connectivity of rivers can be modified by the water project operation for agriculture and civilization, as exem-
plified by the trellised river system in Chongming Island. Ciliates, as an exceptional indicator, are often employed for monitoring 
the health of aquatic ecosystems. However, the assembly and structure of planktonic microeukaryote (e.g., ciliates) communities, 
especially in complex river networks, are rarely investigated. Here, we investigated the ciliate community structure and assembly 
mechanism among seasons in Chongming Island's trellised river network using both metabarcoding and quantitative protargol 
stain (QPS) approaches. Both methods showed that ciliates exhibited similar community composition at the class level and dis-
tinct seasonal succession, which are attributed to variations in nutrients, dissolved oxygen and water temperature. The stochastic 
process was the main factor in explaining the assembly of the ciliate community in all seasons, which is probably attributed 
to the high connectivity of the river network and the frequent opening of sluices for the water project operation. Collectively, 
unique ciliate community structure, seasonal variation, and specific community assembly mechanism driven by hydrology were 
reported in this study. Furthermore, methodological differences also should be fully considered when conducting an ecological 
study in complex hydrographic waters.

1   |   Introduction

Over recent decades, due to increased industrialization and pop-
ulation growth, anthropogenic activities have had a significant 
impact on freshwater river ecosystems (Liang et  al.  2018; Wu 
et al. 2019). With the construction of river channels and the im-
plementation of sluice gates, river connectivity is significantly 
transformed and the water flow velocity is modified (McCluney 
et  al.  2014), which impacts the stability of nutrient status and 
the pattern of aquatic biodiversity. These changes can influence 

the composition and assembly processes of microbial commu-
nities in rivers and may result in biotic homogenization (Poff 
et al. 2007).

Ciliates are crucial in aquatic ecosystems as consumers 
and prey within the microbial loop (Foissner et  al.  2007; 
Weisse  2007; Fenchel  2008). Their high sensitivity to envi-
ronmental factors and the short generation time make them 
good indicators of water quality (Ali et  al.  2024; Ramírez-
Ballesteros et al. 2024). The hydrology of water columns also 
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manages the dispersal of ciliates due to their tiny size (Custer 
et  al.  2022). Therefore, ciliates are usually used for reflect-
ing water quality and hydrological conditions in ecosystems, 
such as activated sludge, marine coastal lines, rivers, and 
aquaculture ponds (Lee et al. 2004; Xu et al. 2014; Debastiani 
et al. 2016; Zheng et al. 2023).

Traditionally in the morphology-based method, the quantitative 
protargol stain (QPS) is mainly employed for the accurate iden-
tification and quantification of ciliates to reveal the biogeogra-
phy and biodiversity patterns in various habitats (Skkibe 1994; 
Scherwass and Arndt  2005; Zhao et  al.  2012; Van Wichelen 
et al. 2013; Weisse and Montagnes 2022). However, this method 
is time-consuming and requires a high level of expertise in tax-
onomy, hampering its wide application. In the past 20 years, the 
metabarcoding method based on environmental DNA was de-
veloped, which can overcome these problems (Caron et al. 1999; 
Pawlowski et  al.  2016). Particularly, it offers a significant ad-
vantage in uncovering cryptic and rare species that are likely 
to be overlooked under the microscope and has been used as an 
efficient method for investigating biodiversity and monitoring 
water quality (Ewers et al. 2023; Brinkmann et al. 2023; Zheng 
et al. 2023; Langlois 2024).

Community assembly describes the mechanisms that control 
community diversity, functions, succession, and biogeography, 
which is central but poorly understood in microbial ecology, par-
ticularly in the lotic ecosystems (Hanson et al. 2012; Zhou and 
Ning 2017; Chen et al. 2019). Niche theory posits communities 
are shaped by deterministic processes, including biotic and abi-
otic environmental selection and niche partitioning, according 
to the habitat preference and fitness of species (Cadotte  2004; 
Bahram et al. 2016). The neutral theory asserts that community 
structure was governed by stochastic processes of birth, death, 
colonization, extinction, and speciation (Hubbell  2001). Both 
theories are important and complementary in understanding 
community assembly mechanisms (Sloan et  al.  2006; Lima-
Mendez et al. 2015).

With the metabarcoding method prevailing, some investi-
gations find the assembly of the ciliate community is domi-
nated by deterministic processes (Debastiani et al. 2016; Kulaš 
et al. 2021), which means environmental filtering likely plays 
an important role in community assembly. But some studies 
noted that increased connectivity might lead to a domination 
of stochastic processes, which supports Chase's hypothesis 
that communities become more similar to each other as in-
creasing harshness reduces the size of the potential colonizer 
pool so that stochastic processes operate under such condi-
tions (Chase 2007; Lepori and Malmqvist 2009). For example, 
in the subtropical Tingjiang River, the stochastic processes 
predominantly shaped microeukaryotic communities because 
of the high river connectivity, especially in the wet season 
(Chen et al. 2019).

Hydraulic projects, such as the construction of river channels 
and ditches, serve to enhance the complexity and connectivity 
of river networks (McCluney et  al.  2014). Within the complex 
river systems, the transportation and retention of eDNA are 
largely governed by hydrological features like water velocity and 

channel complexity, which in turn can impact the richness of 
target species present (Shogren et al. 2018; Fremier et al. 2019). 
Hence, it is imperative to investigate whether the molecular ap-
proach is also suitable for complex hydrological environments.

In Chongming Island, lots of channels and sluices were built 
to support agriculture and civilization, resulting in a more 
complex river network with higher connectivity than natural 
dendritic rivers (Le et al. 2009). This distinctive river system 
presents a valuable opportunity to explore the mechanisms 
behind ciliate community assembly in complex river networks 
and determine the applicability of metabarcoding techniques 
in rivers with such hydrological characteristics. In this study, 
we employed both the morphology-based QPS method and 
the 18S rRNA gene-based metabarcoding method to compara-
tively explore the differences in planktonic ciliate community 
structure and their assembly mechanisms across seasons in 
the rivers of Chongming Island. We first posited that the river 
played host to a distinct seasonal distribution pattern among 
ciliate communities. Furthermore, given the unique hydro-
logical environment of Chongming Island, it was plausible 
that the ciliate communities tended to be homogeneous and 
stochastic processes may play a vital role in community con-
struction. In addition, we suppose that the richness of ciliates 
in such a complex river network is likely overestimated by the 
metabarcoding method.

2   |   Materials and Methods

2.1   |   Sampling Sites and Sample Collection

Chongming Island (121°09′30″ – 121°54′00″ E, 31°27′00″ 
– 31°51′15″ N) is situated at the estuary of the Yangtze River 
with a flat topography (Figure 1). The island often suffers from 
typhoons, heavy rainfall, high tides, and floods due to the geo-
graphic characteristics. In order to avoid loss from these di-
sasters and to protect and exploit the water resource, a total of 
140 sluices have been set up on the island as of the end of the 
year 2021.

In this study, a total of 23 sampling stations were arranged 
uniformly in Chongming Island (Figure 1). A total of 92 water 
samples were collected in four seasons, that is, July 2020 
(summer), October 2020 (autumn), January 2021 (winter), and 
May 2021 (spring). At each sampling site, surface water was 
collected with a 5-L water sampler at the depth of 0.5 m. The 
5-L water volume of each sample was split into two groups. 
One was 300 mL for the QPS method and was preserved with 
15 mL Bouin's fixative (5% final concentration), in which cil-
iates were identified and enumerated after quantitative pro-
targol staining (Skkibe 1994). The data yielded from the QPS 
method have been published by Ye et  al.  (2024). The other 
was three 1-L parallel water subsamples for the metabarcod-
ing method, which were prefiltered through 200 μm mesh 
for removing mesozooplanktonic organisms and then were 
enriched through a 0.2-μm pore polycarbonate membrane 
(Isopore, Merck) within 1 h after sampling. The filters con-
taining samples were stored in liquid nitrogen until further 
processing.
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2.2   |   Measurement of Environmental Factors

The abiotic parameters were already reported by Ye et al. (2024). 
Briefly, salinity (Sal), water temperature (WT), dissolved ox-
ygen (DO), and pH were tested in  situ by the multiparameter 
water quality sonde (YSI Professional Plus, United States). 
Secchi transparency (SD) was measured with a Secchi disk. 
Chlorophyll-a (Chl-a) was measured through a FluoroSense 
Handheld. Additionally, data for the trophic status, that is, 
total phosphorus (TP), total nitrogen (TN), ammonia nitrogen 
(NH4-N), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), 
were determined according to the Environmental Monitoring 
method standard of the Ministry of Ecology and Environment, 
China. The data of precipitation was obtained from https://​
www.​world​weath​eronl​ine.​com/​.

2.3   |   DNA Extraction, Amplification 
and Sequencing

DNA was successfully extracted from 87 samples using the 
DNeasy PowerSoil Kit (Qiagen, Germany). A nested-PCR was 
conducted here to do the inventory for the ciliate community 
(Lara et al. 2007; Alexandra et al. 2013) and Phanta HS Super-
Fidelity DNA Polymerase (Vazyme Inc., Cat. No.: P502-d1) was 
used in both rounds of PCR reactions. For the first PCR reaction, 
a ciliate-specific primer set was performed for filtering the cili-
ate SSU rDNA (Lara et al. 2007; Alexandra et al. 2013). This PCR 
reaction procedure is as follows: the 3-min predenatured pro-
cess at 95°C, followed by 15 cycles of 10s at 95°C, 30s at 54.6°C, 
20s at 72°C, and a final 7-min extension at 72°C. Subsequently, 
products from the first reaction were subjected as templates to a 
second PCR, which employed eukaryote-specific primers for the 
amplification of the hypervariable V4 region (Stoeck et al. 2010; 
Alexandra et al. 2013). The second PCR reaction procedure de-
tails are as follows: 3-min predenatured process at 95°C, followed 
by 25 cycles of 10 s at 95°C, 30 s at 58°C, 20 s at 72°C, and a final 
7-min extension at 72°C. All PCR products were assessed with 
agarose gel electrophoresis on a 1% agarose gel. Subsequently, 

the total qualified PCR products (ca. 418 bp) of three parallels in 
the second PCR reaction of each sample were pooled and sent to 
paired-end (2 × 250 bp) sequencing on an Illumina Miseq plat-
form by the sequencing company Majorbio (Shanghai, China).

2.4   |   Sequencing Data Analysis

Fastp (Chen et al. 2018) and FLASH (Magoč and Salzberg 2011) 
were used for clearing raw sequence data, including quality 
checking and filtering, demultiplexing, and data assembly. In 
this study, VSEARCH was used for merging, quality filtering, 
dereplicating, clustering based on 97% similarity, removing chi-
meric sequences by comparing the tag sequences to the Protist 
Ribosomal Reference database v5.0.1 (PR2) and creating an 
OTU (operational taxonomy unit) table (Rognes et  al.  2016; 
Vaulot et al. 2022). OTUs derived from only 10 or fewer reads 
were excluded as potential errors. Representative sequences 
were also taxonomically assigned against the PR2 v5.0.1 data-
base in Qiime2, and only OTUs that were annotated as ciliates 
were retained, of which OTUs with ambiguous comparison re-
sults were further corrected by referring to the literature and 
BLAST (Rajter and Dunthorn  2021). The OTU table was rar-
efied to the same sequencing depth of 19,627 reads per sample 
before manually removing the nonciliate OTUs by randomly re-
sampling for the subsequent statistical analysis. To compare the 
eDNA data with the QPS data, only samples with data from both 
methodological approaches were retained. Eventually, owing 
to the loss of some QPS samples and the insufficient DNA con-
centrations in certain eDNA samples for successful amplifica-
tion, only data from 82 samples could be retained for this study. 
Fortunately, the lost samples were random, thereby introducing 
minimal bias (Table S1).

2.5   |   Statistical Analysis

All analyses were performed with software R version 4.3.2. A 
Venn diagram was used to visualize the shared and unique 

FIGURE 1    |    Map of study area in Chongming Island and 23 sampling stations (black dots). Light blue line represents the river system. The map 
was drawn using Bigemap platform (http://​www.​bigem​ap.​com/​).
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classes detected by eDNA and QPS methods using the package 
“VennDiagram.” Shannon index was calculated with the “vegan” 
and “picante” packages, and the subsequent analysis of differences 
between four seasons was conducted by multiple comparisons 
based on Kruskal–Wallis test and ANOVA test in two methods, re-
spectively. β-diversity depicted the ciliate community differences 
between the different habitats. For the eDNA data, β-diversity was 
calculated by unweighted uniFrac with the “GuniFrac” package, 
where phylogenetic distances were obtained by Qiime2 v2021.8 
and visualized on nonmetric multidimensional scaling (NMDS). 
For the QPS data (transformed by Hellinger), Bray–Curtis was 
calculated to indicate β-diversity and visualized on Principal 
Coordinates Analysis (PCoA). The “envfit” function was used to 
choose the fitted environmental factors with significant influence 
(p < 0.05) in both ordination analyses and “ggplot2” package was 
mainly utilized for visualization. PERMANOVA was calculated to 
estimate global and pairwise differences of the ciliate community 
among four seasons with the “vegan” package. In order to explore 
whether environmental factors play a more significant role in a 
certain season, partial least squares path modeling (PLS-PM) was 
implemented using the PLSPM package (Sanchez 2013a). We di-
vided the environmental factors into four blocks (latent variables), 
water temperature, physical (Sal, EC, SD, DO, pH), nutrients (TP, 
TN, NO3-N, NO2-N, NH4-N) and Chl-a. Diversity was described 
by the Shannon index, and the community was represented by the 
first two axes of the ordination (NMDS for eDNA data, PCoA for 
QPS data). Factors with loading < 0.7 were removed after initial 
permutation (Sanchez 2013b).

The assembly process of ciliate communities in different sea-
sons was calculated based on the β-Nearest Taxon Index (βNTI) 
(Stegen et  al.  2012). The weighted β-mean nearest taxon dis-
tance (βMNTD) was calculated first, which quantifies the mean 
phylogenetic distance between the evolutionary closest OTUs 
in two communities. Then the null model was conducted (1000 
randomizations) to calculate the deviation between the mean 
distances. βNTI is the difference between the observed βMNTD 
and the mean βMNTD of the null distribution. When βNTI val-
ues exceed 2, they indicate variable selection, whereas values be-
low-2 suggest homogeneous selection. Both selection processes 
are deterministic processes structuring the community. On the 
other hand, values between −2 and 2 signify a stochastic process 
(Stegen et al. 2012). Then, the turnover of OTUs was quantified 
to assess the impact of dispersal and drift on community com-
position, as measured by the Raup-Crick distance (Rcbray) be-
tween samples (Chase et al. 2011; Stegen et al. 2012).

3   |   Results

3.1   |   Composition and α-Diversity 
of Ciliate Community in the Riverine Network 
of Chongming Island

A total of 1,237,143 reads within 1226 OTUs assigned to 
Ciliophora were obtained after rarefying to the minimum 
abundance of ciliate OTUs across 82 samples. Totally, 99.3% 
of reads were annotated into 10 classes (excluding unclassi-
fied); Spirotrichea (66.2%) were the most prevalent, followed by 
Prostomatea (10.8%), Oligohymenophorea (8.4%), Litostomatea 
(8.2%), Phyllopharyngea (2.6%), Colpodea (1.8%), Heterotrichea 
(0.6%), Nassophorea (0.6%), Armophorea (0.03%), and Plagiopylea 
(0.004%). Except for Armophorea and Plagiopylea, all other phyla 
were detected in results based on the QPS method. Although most 
phyla from the molecular method were also detected by the QPS 
method, the composition at the order, family, and genus based on 
the two methods was quite different (Figure 2).

Both approaches indicated a distinct seasonal succession of cil-
iate community in Chongming Island, but the patterns were 
different (Figure 3A,B). For the results from the metabarcoding 
method, Spirotrichea had its highest relative abundance (77.3%) 
in winter and its lowest (45.1%) in autumn. On the contrary, QPS 
results noted that Spirotrichea accounted for as high as 91.6% 
in autumn but only had 46.4% of the total ciliate abundance in 
winter. Additionally, Litostomatea, Oligohymenophorea, and 
Prostomatea showed seasonal variations in different meth-
ods. Taking Prostomatea as an example, in the metabarcoding 
method, its relative abundance was the highest in spring (17.5%) 
and the lowest in summer (6.6%). In the QPS method, the pro-
portion of Prostomatea was the lowest in autumn, at only 1.4%, 
and the highest in winter, reaching 48.2%. Neither Armophorea 
nor Plagiopylea was common in abundance and OTU numbers. 
Armophorea was only detected in spring and summer, while 
Plagiopylea was solely detected in summer.

For metabarcoding method, we considered 77 OTUs with rel-
ative abundance exceeding 0.001 at more than a quarter of 
sampling sites to be abundant and exhibited a distinct seasonal 
variation at the order level (Figure 3C). For QPS method, eight 
ciliate species with relative abundance greater than 0.01 at 
more than a quarter of sampling sites were reckoned as abun-
dant and also showed an obvious seasonal change (Figure 3D). 
Both methods revealed that Tintinnida, Choreotrichida, and 

FIGURE 2    |    Venn diagrams comparing the ciliates assigned at class, order, family, and genus rank either by the metabarcoding (blue circles) or 
by the QPS (red circles) approach.

Class Order Family Genus
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Oligotrichida were the major abundant taxa of ciliates, which 
accounted for more than 50% of the relative abundance in each 
season (except the result in winter by QPS method).

The Shannon–Weiner index was employed in this study to de-
scribe differences of α-diversity among different seasons by two 
approaches. There were significant differences of α-diversity 
in spring, summer, and winter. The results displayed signif-
icant seasonal fluctuations in ciliate α-diversity, with the low-
est average of α-diversity and the greatest variation in autumn 
(Figure 4A,B). In addition, α-diversity was highest in summer 
and winter for molecular approach and traditional approach, 
respectively.

3.2   |   Seasonal Variation of Ciliate Community 
Structure

NMDS based on unweighted Unifrac distance was conducted 
to display the variation of community composition for the 
metabarcoding method (stress = 0.1366) (Figure  4C). PCoA 
based on Bray–curtis dissimilarity was used for the same 

target in the traditional method, which explained totally 29.6% 
(Figure 4D). The results of both methods indicated that there 
was a significant difference in β-diversity among seasons 
(PERMANOVA, p < 0.01). Meanwhile, for results from the 
molecular approach, β-diversity of the ciliate community was 
much higher in autumn than in the other three seasons; while 
for the results from the QPS method, β-diversity in all seasons 
was higher. After fitting environmental factors onto the ordi-
nations, it was found that the β-diversity of ciliates detected by 
both methods was influenced by three factors: dissolved oxy-
gen (DO), nitrite (NO2-N) and water temperature (WT). For 
OTUs, DO and pH showed a positive significant (p < 0.05) cor-
relation with both axes, whereas NO2-N, NH4-N, and WT ex-
hibited a negative significant (p < 0.05) correlation (Table S3). 
For QPS, only DO was positively correlated with PCoA1, and 
it was negatively correlated with PCoA2. Additionally, NO2-N 
and TP showed a positive significant correlation with PCoA2, 
WT, and Chl-a showed a negative significant correlation with 
PCoA2. According to the PLS-PM results (Figures S1 and S2), 
the effects of environmental factors on ciliate community di-
versity and community structure in different seasons were in-
consistent. Based on the metabarcoding method, the diversity 

FIGURE 3    |    Succession in ciliate community composition during seasons. Abundance and diversity of ciliate OTUs and morphospecies at class 
level in all (A, B) and order level in abundant (C, D). The sequence of legends in the figures was ranked according to the total abundance proportion 
of each group.
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exhibited the strongest significant correlation with physical 
factors in spring, while the community was most effectively 
explained in the summer, with an R2 value of 0.806. According 
to the QPS method, nearly all environmental factors (except 
water temperature) significantly influenced the ciliate diver-
sity in winter with R2 value of 0.698, while it was most ex-
plained in spring with R2 value of 0.748.

3.3   |   Ciliate Community Assembly Mechanism

The community assembly mechanism in different seasons was 
explored by a null model. Most |βNTI| values were less than 
2, indicating that the ciliate community was primarily shaped 
by stochastic processes (Figure  5A). In the context of the sto-
chastic process, homogenizing dispersal was the principal pro-
cess in all seasons, accounting for 81.05% in spring, 84.21% in 
summer, 61.04% in autumn, and 83.98% in winter (Figure 5B). 
Homogenizing dispersal was followed by variable selection, 
which contributed most in autumn at 20.35% and least in 

summer at 5.26%. Drift exhibited a different pattern that ac-
counted largest for 16% in autumn while accounting lowest for 
1.30% in winter.

4   |   Discussion

4.1   |   Seasonal Dynamics of Ciliate Diversity 
and Community Structure

Ciliates have been recognized as important bioindicators and 
their community structure has been extensively studied in 
rivers and lakes (Kiss et  al.  2009; Li et  al.  2022). Our results 
showed that the ciliate community in Chongming Island Rivers 
was primarily composed of Spirotrichea at the class level, and 
Tintinnida, Choreotrichida, and Oligotrichida at the order level 
(Figure 3), which usually dominate in freshwater planktonic cil-
iate communities (Pitsch et al. 2019; Kulaš et al. 2021; Abdullah 
et  al.  2023). However, different from large rivers where per-
itrichs were also dominant, rivers of Chongming Island bore few 

FIGURE 4    |    Seasonal α-diversity and β-diversity of ciliate community. (A, B) Box plot of Shannon index of ciliate community at four seasons 
based on the data obtained by metabarcoding method (A) and QPS method (B), different letters show the significant differences which were analyzed 
with Kruskal–Wallis test and ANOVA test, respectively. (C) Nonmetric multidimensional distance scaling (NMDS) based on unweighted Unifrac 
distance of OTUs retrieved from four seasons (PERMANOVA, p < 0.01, R2 = 0.3014). (D) Principal coordinate analysis (PCoA) based on Bray–Curtis 
dissimilarity of morphospecies at four seasons (PERMANOVA, p < 0.01, R2 = 0.1962). Environmental parameters showed in plots were significantly 
correlation with ciliate community β-diversity (p < 0.05). The boxplots in C and D showed the multiple comparisons in β-diversity in both approaches 
by Kruskal–Wallis test. Chl-a, Chlorophyll-a; DO, dissolved oxygen; NH4-N, ammonia nitrogen; NO2-N, nitrite nitrogen; TP, total phosphorus; WT, 
water temperature.
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peritrichs, in terms of both abundance and richness (Scherwass 
and Arndt 2005; Kiss et al. 2009). This phenomenon could be 
attributed to the swift current velocity of the water in large riv-
ers, which increases turbidity and suspends matter, providing 
habitats for peritrichs (Table S2). Alternatively, the sessile cili-
ates may have been stirred up, leading to the highest detection 
of peritrichs. This can also explain why Sessilida had the highest 
detection rate in summer in the rivers of Chongming Island.

The ciliate communities often exhibit a distinct seasonal suc-
cession (John and Thomas  1989; Biserka et  al.  1996; Pitsch 
et al. 2019; Şahin Doğan and Kocabaş 2023). We also observed 
a seasonal variation of the ciliate community in Chongming 
Island. The α-diversity was relatively high in spring, and 
Prostomatea displayed a marked change in relative abundance, 
peaking in spring as determined by molecular method. The 
ample supply of phytoplankton for algivorous prostomatids, as 
evidenced by the concentration of Chl-a in Table S2, can afford 
the high abundance of prostomateans in the spring. In the sum-
mer, Chongming Island received heavy rainfalls, which brought 
ciliates from terrestrial habitats into the river, together with the 
opening of the diversion gates to balance the water level with 
that of the Yangtze River, leading to an increase in the abun-
dance and diversity of ciliates. Furthermore, frequent precipita-
tion stirred up the sediment, making DO, SD, and Chl-a lower 
in the water column and elevating concentrations of nitrogen 
and phosphorus. Meanwhile, ciliates living at the anaerobic bot-
tom of rivers, such as Tropidoatractus spinosus and Trimyema 
compressum, were also stirred up, which contributed to the 
abundance and diversity of the ciliate community (Yamada 

et al. 1997; Rotterová et al. 2018; Chen et al. 2019). The results 
of the QPS method revealed that the abundance and diversity 
of planktonic ciliates in the rivers of Chongming Island during 
winter were even higher than those in summer (Figure 4A,B), 
which is similar to an investigation of a freshwater tidal estuary 
(Koenraad et al. 2000). It was notable that Chl-a was relatively 
high in the winter, indicating that the primary production in the 
water column could provide sufficient food sources for ciliates 
(Figure  S2). Therefore, the abundance of Balanion planctoni-
cum and Rimostrombidium hyalinum increased dramatically 
(Ye et al. 2024). In the meantime, zooplankton was limited to 
a few sites and mainly consisted of algivorous species (Xu and 
Chen, unpubl. data), resulting in a minimal predation pressure 
on ciliates (Sommer et al. 2012). As a result, the abundance and 
diversity of ciliates were high in the winter.

Moreover, our results supported the conclusions predicted by 
the model that intermediate rates of dispersal often result in 
higher levels of α-diversity and higher rates of dispersal result 
in lower β-diversity (Figure 4A,C), especially in molecular re-
sults (Nicolas and Michel  2002, 2003). Ciliate communities 
were significantly different among seasons both in α- and β-
diversity, and a significantly higher β-diversity in the autumn 
was detected (Figure  4C,D). Flow velocity was likely slow in 
autumn since both the precipitation was low and the water dis-
patching was less frequent. Therefore, the planktonic ciliates 
were not as evenly mixed as in other seasons. Additionally, 
ciliate communities were associated with local environmental 
variables, as indicated by the significant correlations observed 
that DO, WT, and NO2-N were shown in both methods. It was 

FIGURE 5    |    Community assembly mechanism of ciliate community. (A, B) βNTI (A) and ciliate community assembly process (B) in different 
seasons. (C) Proportion of ciliate OTUs with distinct locomotion patterns at four seasons, ciliate categories were determined through matching with 
PR2 database and BLAST.
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undoubted that DO and WT emerged as crucial environmen-
tal elements significantly impacting the ciliate communities 
(Weisse and Montagnes 1998; Fenchel and Finlay 2008; Finlay 
and Esteban 2009; Babko et al. 2020). Ciliate communities were 
also significantly influenced by nitrogen (NO2-N, NH4-N) and 
phosphorus (TP), with particularly pronounced correlations 
observed during the summer months when water quality was 
degraded (Table  S2; Figure  S1). These findings were consis-
tent with previous reports and further underscore the potential 
of ciliates as sensitive bioindicators of environmental quality 
(Yang et al. 2023).

4.2   |   Assembly Mechanism of Planktonic Ciliate 
Community

In recent years, with the development and widespread applica-
tion of high-throughput sequencing technologies, many studies 
have coupled spatiotemporal data on microbial communities 
and used null models of sequencing data to quantify the rela-
tive importance of deterministic and stochastic processes in mi-
crobial communities (Stegen et al. 2012; Fang et al. 2023; Zhao 
et al. 2023; Li et al. 2024; Niu et al. 2024). However, there are few 
studies on the community assembly mechanisms of eukaryotic 
microorganisms in rivers. Investigations on Jiulong River and 
Yarlung Zangbu River unveiled that the eukaryotic microbial 
community was driven by deterministic processes; however, a 
study on the Tingjiang River revealed that the microeukaryotic 
community was dominated by stochastic processes because of 
the rise of river connectivity (Isabwe et al. 2018; Chen et al. 2019; 
Yang et al. 2023). In Chongming Island, the assembly of the riv-
erine ciliate community was primarily driven by homogenizing 
dispersal of stochastic process (Figure 5A,B). Dispersal was de-
fined as the movement of organisms across space, and this pro-
cess was conducted by immigration or emigration (Vellend 2010; 
McFadden et al. 2023). In rivers, the motility of microorganisms 
mainly relies upon the diffusibility of the system, and the com-
munity assembly of microbial communities is often driven by 
hydrology (Nino-Garcia et al. 2016; Isabwe et al. 2018). A high 
rate of dispersal can make the local community homogenized 
(Custer et  al.  2022). The river system in Chongming Island is 
crisscrossed and has a higher degree of connectivity than den-
dritic rivers (Isabwe et al. 2018; Chen et al. 2019). There were 
also 140 sluices on the island, and of them, 23 sluices were con-
structed for balancing the water levels inside and outside the 
island (Chen, pers. commu). Normally, water from the Yangtze 
River is brought in by sluices in the south. After running 
through the whole island, water is drained out to the East China 
Sea through the northern sluices. Such kinds of exchanges take 
place frequently in all seasons frequently which supports the 
ciliate community in rivers becoming homogeneous. Therefore, 
we suppose that it is the hydrological conditions of Chongming 
Island that led to the homogenizing dispersal of the ciliate com-
munity assembly process.

Although ciliate community assembly was dominated by ho-
mogenizing dispersal, there were still differences in the propor-
tion of each process among seasons (Figure 5B). Heavy rainfall 
events carried abundant nutrients from the Yangtze River and 
land, which could weaken niche selection by providing exces-
sive resources and reduce survival stress for ciliates and other 

microorganisms and further resulted in a decrease of homoge-
neous selection (Zhao et al. 2023). Substantial nutrient input can 
create additional niches to stimulate the growth of microorgan-
isms, which enhance the stochastic process by increasing birth 
and death (ecological drift) (Vellend  2010; Zhao et  al.  2023). 
Furthermore, water project operation plays an important role 
in ciliate community assembly as well. To avoid rivers flood-
ing in Chongming Island, sluices are used to control the con-
nections between river networks and outer waters, that is, the 
Yangtze River. Thus, in the wet season, particularly in the days 
of heavy rains, sluices were opened more frequently (Chen, pers. 
commun). This operation enhanced the water mixing and re-
sulted in a high dispersal of microorganisms (Custer et al. 2022). 
Similarly, autumn is the dry season of Chongming Island; the 
lower current velocities led to more contribution of homoge-
neous selection and drift and less effect of dispersal (Chen 
et al. 2019).

4.3   |   Methodological Limitation in Studying 
Riverine Ciliate Community

The eDNA method has been widely used in ecological studies 
of ciliates, offering a powerful tool for understanding the distri-
bution and diversity of these microorganisms in various ecosys-
tems (Kulaš et al. 2021; Li et al. 2022, 2024; Wang et al. 2022). 
Compared to traditional methods, the ciliate community data 
obtained by the metabarcoding method were independent of 
the underestimation of the abundance and diversity due to the 
loss of cells after fixation and storage (Santoferrara et al. 2014; 
Huang et al. 2020). It has also been confirmed that the metabar-
coding method was superior in detecting species in low abun-
dance and usually revealed more evident diversity assemblies 
compared with traditional morphological methods (Medinger 
et al. 2010; Santoferrara et al. 2014; Sun et al. 2019).

In the present study, the metabarcoding method uncovered 1226 
OTUs which were almost 10 times the species number detected 
by the QPS method and showed higher values of α-diversity 
(Figure  4A,B). This discrepancy suggests that the community 
compositions identified by the two methods do not align pre-
cisely. Although rare species can be detected by the metabarcod-
ing method, contaminations and errors during the two-step PCR 
amplification, and extracellular or relic DNA may contribute to 
an overestimation of the diversity. To overcome this problem, 
one-step PCR or target PCR should be considered for minimiz-
ing the PCR errors and contaminations (Bohmann et al. 2021; 
Ni et al. 2023), and propidium monoazide (PMA) can be used 
to inhibit extracellular or relic DNA amplification (Bairoliya 
et  al.  2022). The copy number of the SSU rDNA greatly var-
ies among different species, and some investigations unveiled 
that the copy number is likely correlated to the cell size (Gong 
et al. 2013; Wang et al. 2017; Pitsch et al. 2019), which may ex-
plain the inconsistency of the relative abundance data yielded by 
the QPS and metabarcoding methods in the present study.

Moreover, the insufficient reference database also negatively af-
fects our assessment of ciliates diversity using the metabarcod-
ing method. In the present study, less than 15% of OTUs could 
be annotated at the species level. It is imperative to intensify 
efforts to associate the sequences in the reference database, for 
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example, PR2 database, with a comprehensive and accurate in-
ventory of ciliates (Huang et al. 2020; Chi et al. 2023).

5   |   Conclusion

It is the first time to investigate the diversity of ciliates in 
a complex river network by both metabarcoding and tradi-
tional (QPS) methods. Both methods revealed that there was 
a seasonal succession of the ciliate community and nutrients; 
water temperature and DO are key environmental factors that 
drove the succession. Moreover, in the trellised river network 
of Chongming Island, homogenizing dispersal emerged as the 
dominant process shaping the ciliate community assembly, and 
the role of environmental factors was masked by the impact 
of the river network's topology and water project operations. 
These results may further benefit in balancing the water oper-
ation projects and biodiversity conservation. But due to the lack 
of water velocity data, the conclusions are merely based on cir-
cumstantial evidence, which is needed to be tested by further 
investigations with detailed hydrologic data.

Acknowledgments

This work was supported by the Natural Science Foundation of China 
(No. 32170533, 31772477) and the Science and Technology Commission 
of Shanghai Municipality (No. 19050501900). Many thanks are given 
to Dr. Feng Zhao (Institute of Oceanography, CAS, China) for his kind 
suggestions on the first draft. We are grateful to Ms. Kun Han, Ms. 
Jialian He, Ms. Zihui Zhang, Mr. Huajian Ye, and Mr. Haohao Lu, grad-
uated students of Shanghai Ocean University, for their help on sampling 
and environmental DNA extraction. All raw sequences from this study 
have been submitted to the Sequence Read Archive database of NCBI 
under the BioProject number PRJNA 1208360 (http://​www.​ncbi.​nlm.​
nih.​gov/​biopr​oject/​​1208360).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All raw sequences from this study have been submitted to the Sequence 
Read Archive database of NCBI under the BioProject number PRJNA 
1208360 (http://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​​1208360).

References

Abdullah, A. M., W. Wang, L. Jin, et  al. 2023. “Planktonic Ciliate 
Community Driven by Environmental Variables and Cyanobacterial 
Blooms: A 9-Year Study in Two Subtropical Reservoirs.” Science of the 
Total Environment 858: 159866. https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​
159866.

Alexandra, S., E. Virginia, O. William, et al. 2013. “Evidence for Isolated 
Evolution of Deep-Sea Ciliate Communities Through Geological 
Separation and Environmental Selection.” BMC Microbiology 13: 150. 
https://​doi.​org/​10.​1186/​1471-​2180-​13-​150.

Ali, A., N. Wang, Q. Wang, G. Xu, and H. Xu. 2024. “An Approach 
to Evaluating Seasonal Responses to Acute Toxicity of Antibiotic 
Nitrofurazone on Periphytic Ciliated Protist Communities in Marine 
Environments.” European Journal of Protistology 94: 126081. https://​
doi.​org/​10.​1016/j.​ejop.​2024.​126081.

Babko, R., T. Kuzmina, Y. Danko, J. Szulżyk-Cieplak, and G. Łagód. 
2020. “Oxygen Gradients and Structure of the Ciliate Assemblages 
in Floodplain Lake.” Watermark 12: 2084. https://​doi.​org/​10.​3390/​
w1208​2084.

Bahram, M., P. Kohout, S. Anslan, H. Harend, K. Abarenkov, and L. 
Tedersoo. 2016. “Stochastic Distribution of Small Soil Eukaryotes 
Resulting From High Dispersal and Drift in a Local Environment.” 
ISME Journal 10: 885–896. https://​doi.​org/​10.​1038/​ismej.​2015.​164.

Bairoliya, S., Z. X. J. Koh, and B. Cao. 2022. “Extracellular DNA in 
Environmental Samples: Occurrence, Extraction, Quantification, 
and Impact on Microbial Biodiversity Assessment.” Applied and 
Environmental Microbiology 88: e0184521. https://​doi.​org/​10.​1128/​aem.​
01845​-​21.

Bohmann, K., V. Elbrecht, C. Carøe, et al. 2021. “Strategies for Sample 
Labelling and Library Preparation in DNA Metabarcoding Studies.” 
Molecular Ecology Resources 22: 1231–1246. https://​doi.​org/​10.​1111/​
1755-​0998.​13512​.

Brinkmann, I., M. Schweizer, D. Singer, et  al. 2023. “Through the 
eDNA Looking Glass: Responses of Fjord Benthic Foraminiferal 
Communities to Contrasting Environmental Conditions.” Journal 
of Eukaryotic Microbiology 70: e12975. https://​doi.​org/​10.​1111/​jeu.​
12975​.

Cadotte, M. W. 2004. “Ecological Niches: Linking Classical and 
Contemporary Approaches.” Biodiversity and Conservation 13: 1791–
1793. https://​doi.​org/​10.​1023/B:​BIOC.​00000​29366.​24837.​fc.

Caron, D. A., R. J. Gast, E. L. Lim, and M. R. Dennett. 1999. “Protistan 
Community Structure: Molecular Approaches for Answering Ecological 
Questions.” Hydrobiologia 401: 215–227. https://​doi.​org/​10.​1023/A:​
10037​21923719.

Chase, J. M. 2007. “Drought Mediates the Importance of Stochastic 
Community Assembly.” Proceedings of the National Academy of Sciences 
of the United States of America 104, no. 44: 17430–17434. https://​doi.​org/​
10.​1073/​pnas.​07043​50104​.

Chase, J. M., N. J. B. Kraft, K. G. Smith, M. Vellend, and B. D. Inouye. 
2011. “Using Null Models to Disentangle Variation in Community 
Dissimilarity From Variation in α-Diversity.” Ecosphere 2: art24. https://​
doi.​org/​10.​1890/​es10-​00117.​1.

Chen, S., Y. Zhou, Y. Chen, and J. Gu. 2018. “Fastp: An Ultra-Fast All-
in-One FASTQ Preprocessor.” Bioinformatics 34: i884–i890. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​bty560.

Chen, W., K. Ren, A. Isabwe, H. Chen, M. Liu, and J. Yang. 2019. 
“Stochastic Processes Shape Microeukaryotic Community Assembly in 
a Subtropical River Across Wet and Dry Seasons.” Microbiome 7: 138. 
https://​doi.​org/​10.​1186/​s4016​8-​019-​0749-​8.

Chi, Y., D. Tang, J. Lei, et  al. 2023. “Highly Divergent Morphology 
but a Close Molecular Phylogenetic Relationship Between Two Little-
Known Ciliate Genera Actinobolina and Papillorhabdos (Protozoa: 
Ciliophora: Litostomatea) With Description of Two New Species.” 
Journal of Eukaryotic Microbiology 71: e13007. https://​doi.​org/​10.​
1111/​jeu.​13007​.

Custer, G. F., L. Bresciani, and F. Dini-Andreote. 2022. “Ecological 
and Evolutionary Implications of Microbial Dispersal.” Frontiers in 
Microbiology 13: 855859. https://​doi.​org/​10.​3389/​fmicb.​2022.​855859.

Debastiani, C., B. R. Meira, F. M. Lansac-Toha, L. F. Velho, and F. A. 
Lansac-Toha. 2016. “Protozoa Ciliates Community Structure in Urban 
Streams and Their Environmental Use as Indicators.” Brazilian Journal 
of Biology 76: 1043–1053. https://​doi.​org/​10.​1590/​1519-​6984.​08615​.

Ewers, I., L. Rajter, L. Czech, F. Mahé, A. Stamatakis, and M. Dunthorn. 
2023. “Interpreting Phylogenetic Placements for Taxonomic Assignment 
of Environmental DNA.” Journal of Eukaryotic Microbiology 70: e12990. 
https://​doi.​org/​10.​1111/​jeu.​12990​.

 15507408, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeu.70016 by H

ongbo Pan - C
ochraneC

hina , W
iley O

nline L
ibrary on [23/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.ncbi.nlm.nih.gov/bioproject/1208360
http://www.ncbi.nlm.nih.gov/bioproject/1208360
http://www.ncbi.nlm.nih.gov/bioproject/1208360
https://doi.org/10.1016/j.scitotenv.2022.159866
https://doi.org/10.1016/j.scitotenv.2022.159866
https://doi.org/10.1186/1471-2180-13-150
https://doi.org/10.1016/j.ejop.2024.126081
https://doi.org/10.1016/j.ejop.2024.126081
https://doi.org/10.3390/w12082084
https://doi.org/10.3390/w12082084
https://doi.org/10.1038/ismej.2015.164
https://doi.org/10.1128/aem.01845-21
https://doi.org/10.1128/aem.01845-21
https://doi.org/10.1111/1755-0998.13512
https://doi.org/10.1111/1755-0998.13512
https://doi.org/10.1111/jeu.12975
https://doi.org/10.1111/jeu.12975
https://doi.org/10.1023/B:BIOC.0000029366.24837.fc
https://doi.org/10.1023/A:1003721923719
https://doi.org/10.1023/A:1003721923719
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1890/es10-00117.1
https://doi.org/10.1890/es10-00117.1
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1186/s40168-019-0749-8
https://doi.org/10.1111/jeu.13007
https://doi.org/10.1111/jeu.13007
https://doi.org/10.3389/fmicb.2022.855859
https://doi.org/10.1590/1519-6984.08615
https://doi.org/10.1111/jeu.12990


10 of 12 Journal of Eukaryotic Microbiology, 2025

Fang, W., T. Fan, S. Wang, et al. 2023. “Seasonal Changes Driving Shifts 
in Microbial Community Assembly and Species Coexistence in an 
Urban River.” Science of the Total Environment 905: 167027. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2023.​167027.

Fenchel, T. 2008. “The Microbial Loop—25 Years Later.” Journal of 
Experimental Marine Biology and Ecology 366: 99–103. https://​doi.​org/​
10.​1016/j.​jembe.​2008.​07.​013.

Fenchel, T., and B. Finlay. 2008. “Oxygen and the Spatial Structure of 
Microbial Communities.” Biological Reviews 83: 553–569. https://​doi.​
org/​10.​1111/j.​1469-​185X.​2008.​00054.​x.

Finlay, B. J., and G. F. Esteban. 2009. “Oxygen Sensing Drives Predictable 
Migrations in a Microbial Community.” Environmental Microbiology 11: 
81–85. https://​doi.​org/​10.​1111/j.​1462-​2920.​2008.​01742.​x.

Foissner, W., A. Chao, and L. A. Katz. 2007. “Diversity and Geographic 
Distribution of Ciliates (Protista: Ciliophora).” Biodiversity and 
Conservation 17: 345–363. https://​doi.​org/​10.​1007/​s1053​1-​007-​9254-​7.

Fremier, A., K. Strickler, J. P. Parzych, S. M. Powers, and C. S. Goldberg. 
2019. “Stream Transport and Retention of Environmental DNA 
Pulse Releases in Relation to Hydrogeomorphic Scaling Factors.” 
Environmental Science & Technology 53: 6640–6649. https://​doi.​org/​10.​
1021/​acs.​est.​8b06829.

Gong, J., J. Dong, X. Liu, and R. Massana. 2013. “Extremely High Copy 
Numbers and Polymorphisms of the rDNA Operon Estimated From 
Single Cell Analysis of Oligotrich and Peritrich Ciliates.” Protist 164: 
369–379. https://​doi.​org/​10.​1016/j.​protis.​2012.​11.​006.

Hanson, C. A., J. A. Fuhrman, M. C. Horner-Devine, and J. B. Martiny. 
2012. “Beyond Biogeographic Patterns: Processes Shaping the Microbial 
Landscape.” Nature Reviews. Microbiology 10: 497–506. https://​doi.​org/​
10.​1038/​nrmic​ro2795.

Huang, P., F. Zhao, and K. Xu. 2020. “Complementary DNA Sequencing 
(cDNA): An Effective Approach for Assessing the Diversity and 
Distribution of Marine Benthic Ciliates Along Hydrographic Gradients.” 
Journal of Oceanology and Limnology 39: 208–222. https://​doi.​org/​10.​
1007/​s0034​3-​020-​9234-​2.

Hubbell, S. P. 2001. The Unified Neutral Theory of Biodiversity and 
Biogeography. Princeton University Press. https://​doi.​org/​10.​1515/​
97814​00837526.

Isabwe, A., J. R. Yang, Y. Wang, L. Liu, H. Chen, and J. Yang. 2018. 
“Community Assembly Processes Underlying Phytoplankton and 
Bacterioplankton Across a Hydrologic Change in a Human-Impacted 
River.” Science of the Total Environment 630: 658–667. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​02.​210.

Biserka, P.-H., H. Ivan, M. Milan, and R. Ines. 1996. “Composition of 
Ciliate Fauna and Its Seasonal Changes in Fluvial Drift.” Aquatic 
Sciences 58: 224–240. https://​doi.​org/​10.​1007/​BF008​77510​.

John, R. B., and L. C. Thomas. 1989. “The Role of Ciliated Protozoa in 
Pelagic Freshwater Ecosystems.” Microbial Ecology 17: 111–136. https://​
doi.​org/​10.​1007/​BF020​11847​.

Kiss, A. K., E. Acs, K. T. Kiss, and J. K. Torok. 2009. “Structure and 
Seasonal Dynamics of the Protozoan Community (Heterotrophic 
Flagellates, Ciliates, Amoeboid Protozoa) in the Plankton of a Large 
River (River Danube, Hungary).” European Journal of Protistology 45: 
121–138. https://​doi.​org/​10.​1016/j.​ejop.​2008.​08.​002.

Koenraad, M., V. M. Riet, S. Koen, T. Micky, and V. Wim. 2000. 
“Dynamics and Trophic Roles of Heterotrophic Protists in the Plankton 
of a Freshwater Tidal Estuary.” Hydrobiologia 432: 25–36. https://​doi.​
org/​10.​1023/A:​10040​17018702.

Kulaš, A., V. Gulin, R. Matoničkin Kepčija, et  al. 2021. “Ciliates 
(Alveolata, Ciliophora) as Bioindicators of Environmental Pressure: A 
Karstic River Case.” Ecological Indicators 124: 107430. https://​doi.​org/​
10.​1016/j.​ecoli​nd.​2021.​107430.

Langlois, G. A. 2024. “Past-President Address: My Journey in Microbial 
Ecology-Footprints in the Sand, Island Hopping, Supply Chains, and 
Technology Bridges.” Journal of Eukaryotic Microbiology 71: e13037. 
https://​doi.​org/​10.​1111/​jeu.​13037​.

Lara, E., C. Berney, H. Harms, and A. Chatzinotas. 2007. “Cultivation-
Independent Analysis Reveals a Shift in Ciliate 18S rRNA Gene 
Diversity in a Polycyclic Aromatic Hydrocarbon-Polluted Soil.” FEMS 
Microbiology Ecology 62: 365–373. https://​doi.​org/​10.​1111/j.​1574-​6941.​
2007.​00387.​x.

Le, G., S. Tang, and Z. Zhou. 2009. “Analysis of Seasonal Changes 
in Water Quality of Chongming Island in Shanghai, China.” Water 
Resources Protection 25: 37–40. https://​doi.​org/​10.​3969/j.​issn.​1004-​
6933.​2009.​05.​009.

Lee, S., S. Basu, C. W. Tyler, and I. W. Wei. 2004. “Ciliate Populations 
as Bio-Indicators at Deer Island Treatment Plant.” Advances in 
Environmental Research 8: 371–378. https://​doi.​org/​10.​1016/​s1093​-​
0191(02)​00118​-​1.

Lepori, F., and B. Malmqvist. 2009. “Deterministic Control on 
Community Assembly Peaks at Intermediate Levels of Disturbance.” 
Oikos 118, no. 3: 471–479. https://​doi.​org/​10.​1111/j.​1600-​0706.​2008.​
16989.​x.

Li, J., F. Chen, K. Yang, W. Lu, and K. Cui. 2022. “Functionally Similar 
Species of Ciliates Have Similar Dynamics: A Biennial Survey Study in 
a Large Eutrophic Lake.” European Journal of Protistology 82: 125844. 
https://​doi.​org/​10.​1016/j.​ejop.​2021.​125844.

Li, L., F. Zhao, S. Filker, et  al. 2024. “Microeukaryotes Have 
Unexpected Importance in Cold Seep Food Webs Through Predation 
and Parasitism.” Progress in Oceanography 222: 103216. https://​doi.​org/​
10.​1016/j.​pocean.​2024.​103216.

Liang, Z., M. Siegert, W. Fang, et al. 2018. “Blackening and Odorization 
of Urban Rivers: A Bio-Geochemical Process.” FEMS Microbiology 
Ecology 94: fix180. https://​doi.​org/​10.​1093/​femsec/​fix180.

Lima-Mendez, G., K. Faust, N. Henry, et  al. 2015. “Determinants of 
Community Structure in the Global Plankton Interactome.” Science 
348: 1262073. https://​doi.​org/​10.​1126/​scien​ce.​1262073.

Magoč, T., and S. L. Salzberg. 2011. “FLASH: Fast Length Adjustment of 
Short Reads to Improve Genome Assemblies.” Bioinformatics 27: 2957–
2963. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btr507.

McCluney, K. E., N. L. Poff, M. A. Palmer, et  al. 2014. “Riverine 
Macrosystems Ecology: Sensitivity, Resistance, and Resilience of Whole 
River Basins With Human Alterations.” Frontiers in Ecology and the 
Environment 12: 48–58. https://​doi.​org/​10.​1890/​120367.

McFadden, I. R., A. Sendek, M. Brosse, et  al. 2023. “Linking Human 
Impacts to Community Processes in Terrestrial and Freshwater 
Ecosystems.” Ecology Letters 26: 203–218. https://​doi.​org/​10.​1111/​ele.​
14153​.

Medinger, R., V. Nolte, R. V. Pandey, et al. 2010. “Diversity in a Hidden 
World: Potential and Limitation of Next-Generation Sequencing 
for Surveys of Molecular Diversity of Eukaryotic Microorganisms.” 
Molecular Ecology 19: 32–40. https://​doi.​org/​10.​1111/j.​1365-​294X.​2009.​
04478.​x.

Ni, J., J. Pan, Y. Wang, et al. 2023. “An Integrative Protocol for One-Step 
PCR Amplicon Library Construction and Accurate Demultiplexing of 
Pooled Sequencing Data.” Marine Life Science & Technology 5: 564–572. 
https://​doi.​org/​10.​1007/​s4299​5-​023-​00182​-​1.

Nicolas, M., and L. Michel. 2002. “Coexistence in Metacommunities: 
The Regional Similarity Hypothesis.” American Naturalist 159: 420–
426. https://​doi.​org/​10.​1086/​338996.

Nicolas, M., and L. Michel. 2003. “Community Patterns in Source-Sink 
Metacommunities.” American Naturalist 162: 544–557. https://​doi.​org/​
10.​1086/​378857.

 15507408, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeu.70016 by H

ongbo Pan - C
ochraneC

hina , W
iley O

nline L
ibrary on [23/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.scitotenv.2023.167027
https://doi.org/10.1016/j.scitotenv.2023.167027
https://doi.org/10.1016/j.jembe.2008.07.013
https://doi.org/10.1016/j.jembe.2008.07.013
https://doi.org/10.1111/j.1469-185X.2008.00054.x
https://doi.org/10.1111/j.1469-185X.2008.00054.x
https://doi.org/10.1111/j.1462-2920.2008.01742.x
https://doi.org/10.1007/s10531-007-9254-7
https://doi.org/10.1021/acs.est.8b06829
https://doi.org/10.1021/acs.est.8b06829
https://doi.org/10.1016/j.protis.2012.11.006
https://doi.org/10.1038/nrmicro2795
https://doi.org/10.1038/nrmicro2795
https://doi.org/10.1007/s00343-020-9234-2
https://doi.org/10.1007/s00343-020-9234-2
https://doi.org/10.1515/9781400837526
https://doi.org/10.1515/9781400837526
https://doi.org/10.1016/j.scitotenv.2018.02.210
https://doi.org/10.1016/j.scitotenv.2018.02.210
https://doi.org/10.1007/BF00877510
https://doi.org/10.1007/BF02011847
https://doi.org/10.1007/BF02011847
https://doi.org/10.1016/j.ejop.2008.08.002
https://doi.org/10.1023/A:1004017018702
https://doi.org/10.1023/A:1004017018702
https://doi.org/10.1016/j.ecolind.2021.107430
https://doi.org/10.1016/j.ecolind.2021.107430
https://doi.org/10.1111/jeu.13037
https://doi.org/10.1111/j.1574-6941.2007.00387.x
https://doi.org/10.1111/j.1574-6941.2007.00387.x
https://doi.org/10.3969/j.issn.1004-6933.2009.05.009
https://doi.org/10.3969/j.issn.1004-6933.2009.05.009
https://doi.org/10.1016/s1093-0191(02)00118-1
https://doi.org/10.1016/s1093-0191(02)00118-1
https://doi.org/10.1111/j.1600-0706.2008.16989.x
https://doi.org/10.1111/j.1600-0706.2008.16989.x
https://doi.org/10.1016/j.ejop.2021.125844
https://doi.org/10.1016/j.pocean.2024.103216
https://doi.org/10.1016/j.pocean.2024.103216
https://doi.org/10.1093/femsec/fix180
https://doi.org/10.1126/science.1262073
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1890/120367
https://doi.org/10.1111/ele.14153
https://doi.org/10.1111/ele.14153
https://doi.org/10.1111/j.1365-294X.2009.04478.x
https://doi.org/10.1111/j.1365-294X.2009.04478.x
https://doi.org/10.1007/s42995-023-00182-1
https://doi.org/10.1086/338996
https://doi.org/10.1086/378857
https://doi.org/10.1086/378857


11 of 12

Nino-Garcia, J. P., C. Ruiz-Gonzalez, and P. A. Del Giorgio. 2016. 
“Interactions Between Hydrology and Water Chemistry Shape 
Bacterioplankton Biogeography Across Boreal Freshwater Networks.” 
ISME Journal 10: 1755–1766. https://​doi.​org/​10.​1038/​ismej.​2015.​226.

Niu, S., J. Xie, G. Wang, et  al. 2024. “Community Assembly Patterns 
and Processes of Bacteria in a Field-Scale Aquaculture Wastewater 
Treatment System.” Science of the Total Environment 907: 167913. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​167913.

Pawlowski, J., F. Lejzerowicz, L. Apotheloz-Perret-Gentil, J. Visco, 
and P. Esling. 2016. “Protist Metabarcoding and Environmental 
Biomonitoring: Time for Change.” European Journal of Protistology 55: 
12–25. https://​doi.​org/​10.​1016/j.​ejop.​2016.​02.​003.

Pitsch, G., E. P. Bruni, D. Forster, et al. 2019. “Seasonality of Planktonic 
Freshwater Ciliates: Are Analyses Based on V9 Regions of the 18S 
rRNA Gene Correlated With Morphospecies Counts?” Frontiers in 
Microbiology 10: 248. https://​doi.​org/​10.​3389/​fmicb.​2019.​00248​.

Poff, N. L., J. D. Olden, D. M. Merritt, and D. M. Pepin. 2007. 
“Homogenization of Regional River Dynamics by Dams and Global 
Biodiversity Implications.” Proceedings of the National Academy of 
Sciences of the United States of America 104: 5732–5737. https://​doi.​org/​
10.​1073/​pnas.​06098​12104​.

Rajter, L., and M. Dunthorn. 2021. “Ciliate SSU-rDNA Reference 
Alignments and Trees for Phylogenetic Placements of Metabarcoding 
Data.” Metabarcoding Metagenom 5: e69602. https://​doi.​org/​10.​3897/​
mbmg.5.​69602​.

Ramírez-Ballesteros, M., C. A. Durán-Ramírez, V. M. Romero-Niembro, 
and R. Mayén-Estrada. 2024. “Epibiotic Ciliate Communities on the 
Crayfish Procambarus (Austrocambarus) sp. Cultivated in a Rustic 
Aquaculture in Southern Mexico.” European Journal of Protistology 95: 
126092. https://​doi.​org/​10.​1016/j.​ejop.​2024.​126092.

Rognes, T., T. Flouri, B. Nichols, C. Quince, and F. Mahe. 2016. 
“VSEARCH: A Versatile Open Source Tool for Metagenomics.” PeerJ 4: 
e2584. https://​doi.​org/​10.​7717/​peerj.​2584.

Rotterová, J., W. Bourland, and I. Čepička. 2018. “Tropidoatractidae 
Fam. Nov., a Deep Branching Lineage of Metopida (Armophorea, 
Ciliophora) Found in Diverse Habitats and Possessing Prokaryotic 
Symbionts.” Protist 169: 362–405. https://​doi.​org/​10.​1016/j.​protis.​2018.​
04.​003.

Şahin Doğan, S., and A. Kocabaş. 2023. “Seasonal Dynamics of 
Eukaryotic Microbial Diversity in Hypersaline Tuz Lake Characterized 
by18S rDNA Sequencing.” Journal of Eukaryotic Microbiology 70: 
e12993. https://​doi.​org/​10.​1111/​jeu.​12993​.

Sanchez, G. 2013a. PLS Path Modeling With R. Trowchez Editions.

Sanchez, G. 2013b. “PLSPM Package.” https://​github.​com/​gasto​nstat/​​
plspm.​git.

Santoferrara, L. F., J. D. Grattepanche, L. A. Katz, and G. B. McManus. 
2014. “Pyrosequencing for Assessing Diversity of Eukaryotic Microbes: 
Analysis of Data on Marine Planktonic Ciliates and Comparison With 
Traditional Methods.” Environmental Microbiology 16: 2752–2763. 
https://​doi.​org/​10.​1111/​1462-​2920.​12380​.

Scherwass, A., and H. Arndt. 2005. “Structure, Dynamics and Control 
of the Ciliate Fauna in the Potamoplankton of the River Rhine.” Archiv 
für Hydrobiologie 164: 287–307. https://​doi.​org/​10.​1127/​0003-​9136/​
2005/​0164-​0287.

Shogren, A. J., J. L. Tank, S. P. Egan, et al. 2018. “Water Flow and Biofilm 
Cover Influence Environmental DNA Detection in Recirculating 
Streams.” Environmental Science & Technology 52: 8530–8537. https://​
doi.​org/​10.​1021/​acs.​est.​8b01822.

Skkibe, O. 1994. “An Improved Quantitative Protargol Stain for 
Ciliates and Other Planktonic Protists.” Archiv für Hydrobiologie 130: 
339–347.

Sloan, W., M. Lunn, S. Woodcock, I. Head, S. Nee, and T. Curtis. 
2006. “Quantifying the Roles of Immigration and Chance in Shaping 
Prokaryote Community Structure.” Environmental Microbiology 8: 732–
740. https://​doi.​org/​10.​1111/j.​1462-​2920.​2005.​00956.​x.

Sommer, U., R. Adrian, L. De Senerpont Domis, et al. 2012. “Beyond 
the Plankton Ecology Group (PEG) Model: Mechanisms Driving 
Plankton Succession.” Annual Review of Ecology, Evolution, and 
Systematics 43: 429–448. https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​
11041​1-​160251.

Stegen, J. C., X. Lin, A. E. Konopka, and J. K. Fredrickson. 2012. 
“Stochastic and Deterministic Assembly Processes in Subsurface 
Microbial Communities.” ISME Journal 6: 1653–1664. https://​doi.​org/​
10.​1038/​ismej.​2012.​22.

Stoeck, T., D. Bass, M. Nebel, et al. 2010. “Multiple Marker Parallel Tag 
Environmental DNA Sequencing Reveals a Highly Complex Eukaryotic 
Community in Marine Anoxic Water.” Molecular Ecology 19: 21–31. 
https://​doi.​org/​10.​1111/j.​1365-​294X.​2009.​04480.​x.

Sun, P., L. Huang, D. Xu, et al. 2019. “Integrated Space–Time Dataset 
Reveals High Diversity and Distinct Community Structure of Ciliates 
in Mesopelagic Waters of the Northern South China Sea.” Frontiers in 
Microbiology 10: 2178. https://​doi.​org/​10.​3389/​fmicb.​2019.​02178​.

Van Wichelen, J., L. S. Johansson, P. Vanormelingen, et  al. 2013. 
“Planktonic Ciliate Community Structure in Shallow Lakes of Lowland 
Western Europe.” European Journal of Protistology 49: 538–551. https://​
doi.​org/​10.​1016/j.​ejop.​2013.​06.​001.

Vaulot, D., C. W. H. Sim, D. Ong, et  al. 2022. “metaPR2: A Database 
of Eukaryotic 18S rRNA Metabarcodes With an Emphasis on Protists.” 
Molecular Ecology Resources 22: 3188–3201. https://​doi.​org/​10.​1111/​
1755-​0998.​13674​.

Vellend, M. 2010. “Conceptual Synthesis in Community Ecology.” 
Quarterly Review of Biology 85: 183–206. https://​doi.​org/​10.​1086/​652373.

Wang, C., T. Zhang, Y. Wang, L. A. Katz, F. Gao, and W. Song. 2017. 
“Disentangling Sources of Variation in SSU rDNA Sequences From 
Single Cell Analyses of Ciliates: Impact of Copy Number Variation and 
Experimental Error.” Proceedings of the Royal Society B 284: 20170425. 
https://​doi.​org/​10.​1098/​rspb.​2017.​0425.

Wang, Z., Y. Chi, T. Li, et al. 2022. “Biodiversity of Freshwater Ciliates 
(Protista, Ciliophora) in the Lake Weishan Wetland, China: The State of 
the Art.” Marine Life Science & Technology 4: 429–451. https://​doi.​org/​
10.​1007/​s4299​5-​022-​00154​-​x.

Weisse, T. 2007. “Distribution and Diversity of Aquatic Protists: An 
Evolutionary and Ecological Perspective.” Biodiversity and Conservation 
17: 243–259. https://​doi.​org/​10.​1007/​s1053​1-​007-​9249-​4.

Weisse, T., and D. J. S. Montagnes. 1998. “Effect of Temperature 
on Inter- and Intraspecific Isolates of Urotricha (Prostomatida, 
Ciliophora).” Aquatic Microbial Ecology 15: 285–291. https://​doi.​org/​10.​
3354/​ame01​5285.

Weisse, T., and D. J. S. Montagnes. 2022. “Ecology of Planktonic Ciliates 
in a Changing World: Concepts, Methods, and Challenges.” Journal of 
Eukaryotic Microbiology 69: e12879. https://​doi.​org/​10.​1111/​jeu.​12879​.

Wu, H., Y. Li, W. Zhang, et al. 2019. “Bacterial Community Composition 
and Function Shift With the Aggravation of Water Quality in a Heavily 
Polluted River.” Journal of Environmental Management 237: 433–441. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2019.​02.​101.

Xu, H., W. Zhang, Y. Jiang, and E. J. Yang. 2014. “Use of Biofilm-
Dwelling Ciliate Communities to Determine Environmental Quality 
Status of Coastal Waters.” Science of the Total Environment 470–471: 
511–518. https://​doi.​org/​10.​1016/j.​scito​tenv.​2013.​10.​025.

Yamada, K., Y. Kamagata, and K. Nakamura. 1997. “The Effect of 
Endosymbiotic Methanogens on the Growth and Metabolic Profile of 
the Anaerobic Free-Living Ciliate Trimyema Compressum.” FEMS 

 15507408, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeu.70016 by H

ongbo Pan - C
ochraneC

hina , W
iley O

nline L
ibrary on [23/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/ismej.2015.226
https://doi.org/10.1016/j.scitotenv.2023.167913
https://doi.org/10.1016/j.ejop.2016.02.003
https://doi.org/10.3389/fmicb.2019.00248
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.3897/mbmg.5.69602
https://doi.org/10.3897/mbmg.5.69602
https://doi.org/10.1016/j.ejop.2024.126092
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.protis.2018.04.003
https://doi.org/10.1016/j.protis.2018.04.003
https://doi.org/10.1111/jeu.12993
https://github.com/gastonstat/plspm.git
https://github.com/gastonstat/plspm.git
https://doi.org/10.1111/1462-2920.12380
https://doi.org/10.1127/0003-9136/2005/0164-0287
https://doi.org/10.1127/0003-9136/2005/0164-0287
https://doi.org/10.1021/acs.est.8b01822
https://doi.org/10.1021/acs.est.8b01822
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1038/ismej.2012.22
https://doi.org/10.1038/ismej.2012.22
https://doi.org/10.1111/j.1365-294X.2009.04480.x
https://doi.org/10.3389/fmicb.2019.02178
https://doi.org/10.1016/j.ejop.2013.06.001
https://doi.org/10.1016/j.ejop.2013.06.001
https://doi.org/10.1111/1755-0998.13674
https://doi.org/10.1111/1755-0998.13674
https://doi.org/10.1086/652373
https://doi.org/10.1098/rspb.2017.0425
https://doi.org/10.1007/s42995-022-00154-x
https://doi.org/10.1007/s42995-022-00154-x
https://doi.org/10.1007/s10531-007-9249-4
https://doi.org/10.3354/ame015285
https://doi.org/10.3354/ame015285
https://doi.org/10.1111/jeu.12879
https://doi.org/10.1016/j.jenvman.2019.02.101
https://doi.org/10.1016/j.scitotenv.2013.10.025


12 of 12 Journal of Eukaryotic Microbiology, 2025

Microbiology Letters 149: 129–132. https://​doi.​org/​10.​1016/​S0378​-​
1097(97)​00068​-​2.

Yang, Q., P. Zhang, X. Li, et  al. 2023. “Distribution Patterns and 
Community Assembly Processes of Eukaryotic Microorganisms Along 
an Altitudinal Gradient in the Middle Reaches of the Yarlung Zangbo 
River.” Water Research 239: 120047. https://​doi.​org/​10.​1016/j.​watres.​
2023.​120047.

Ye, H., G. Wang, L. Chen, et al. 2024. “Community Structure of Ciliated 
Protozoa in Rivers of Chongming Island and Its Indication to the Water 
Quality.” Journal of Lake Science 36: 1879–1887. https://​doi.​org/​10.​
18307/​​2024.​0634.

Zhao, F., K. Xu, and Y. He. 2012. “Application of the Ludox-QPS Method 
for Estimating Ciliate Diversity in Soil and Comparison With Direct 
Count and DNA Fingerprinting.” European Journal of Protistology 49: 
112–118. https://​doi.​org/​10.​1016/j.​ejsobi.​2011.​11.​002.

Zhao, Z., L. Zhang, G. Zhang, et  al. 2023. “Hydrodynamic and 
Anthropogenic Disturbances Co-Shape Microbiota Rhythmicity and 
Community Assembly Within Intertidal Groundwater-Surface Water 
Continuum.” Water Research 242: 120236. https://​doi.​org/​10.​1016/j.​
watres.​2023.​120236.

Zheng, X., K. Xu, J. Naoum, et al. 2023. “Deciphering Microeukaryotic–
Bacterial Co-Occurrence Networks in Coastal Aquaculture Ponds.” 
Marine Life Science & Technology 5: 44–55. https://​doi.​org/​10.​1007/​
s4299​5-​022-​00159​-​6.

Zhou, J., and D. Ning. 2017. “Stochastic Community Assembly: Does 
It Matter in Microbial Ecology?” Microbiology and Molecular Biology 
Reviews 81: e00002-17. https://​doi.​org/​10.​1128/​mmbr.​00002​-​17.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.      

 15507408, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeu.70016 by H

ongbo Pan - C
ochraneC

hina , W
iley O

nline L
ibrary on [23/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/S0378-1097(97)00068-2
https://doi.org/10.1016/S0378-1097(97)00068-2
https://doi.org/10.1016/j.watres.2023.120047
https://doi.org/10.1016/j.watres.2023.120047
https://doi.org/10.18307/2024.0634
https://doi.org/10.18307/2024.0634
https://doi.org/10.1016/j.ejsobi.2011.11.002
https://doi.org/10.1016/j.watres.2023.120236
https://doi.org/10.1016/j.watres.2023.120236
https://doi.org/10.1007/s42995-022-00159-6
https://doi.org/10.1007/s42995-022-00159-6
https://doi.org/10.1128/mmbr.00002-17

	Stochastic Processes Drive the Assembly of Planktonic Ciliates in A Trellised River Network
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sampling Sites and Sample Collection
	2.2   |   Measurement of Environmental Factors
	2.3   |   DNA Extraction, Amplification and Sequencing
	2.4   |   Sequencing Data Analysis
	2.5   |   Statistical Analysis

	3   |   Results
	3.1   |   Composition and α-Diversity of Ciliate Community in the Riverine Network of Chongming Island
	3.2   |   Seasonal Variation of Ciliate Community Structure
	3.3   |   Ciliate Community Assembly Mechanism

	4   |   Discussion
	4.1   |   Seasonal Dynamics of Ciliate Diversity and Community Structure
	4.2   |   Assembly Mechanism of Planktonic Ciliate Community
	4.3   |   Methodological Limitation in Studying Riverine Ciliate Community

	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


