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Abstract
Background An increase in upper-ocean thermal stratification is being observed worldwide due to global warming. 
However, how ocean stratification affects the vertical profile of plankton communities remains unclear. Understanding 
this is crucial for assessing the broader implications of ocean stratification. Pelagic ciliates cover multiple functional 
groups, and thus can serve as a model for studying the vertical distribution and functional strategies of plankton in 
stratified oceans. We hypothesize that pelagic ciliate communities exhibit vertical stratification caused by shifts in 
functional strategies, from free-living groups in the photic zone to parasitic groups in deeper waters.

Results 306 samples from the surface to the abyssopelagic zone were collected from 31 stations in the western 
Pacific and analyzed with environmental DNA (the V4 region of 18 S rDNA) metabarcoding of pelagic ciliates. 
We found a distinct vertical stratification of the entire ciliate communities, with a boundary at a depth of 200 m. 
Significant distance-decay patterns were found in the photic layers of 5 m to the deep chlorophyll maximum and in 
the 2,000 m, 3000 m and bottom layers, while no significant pattern occurred in the mesopelagic layers of 200 m – 
1,000 m. Below 200 m, parasitic Oligohymenophorea and Colpodea became more prevalent. A linear model showed 
that parasitic taxa were the main groups causing community variation along the water column. With increasing 
depth below 200 m, the ASV and sequence proportions of parasitic taxa increased. Statistical analyses indicated that 
water temperature shaped the photic communities, while parasitic taxa had a significant influence on the aphotic 
communities below 200 m.

Conclusions This study provides new insights into oceanic vertical distribution, connectivity and stratification from 
a biological perspective. The observed shift of functional strategies from free-living to parasitic groups at a 200 m 
transition layer improves our understanding of ocean ecosystems in the context of global warming.
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Background
Ocean stratification has a significant impact on the 
marine biogeochemical cycle [1]. Global warming has 
increased the surface ocean temperature, resulting in 
increasing stratification in the upper ocean worldwide 
[2]. Furthermore, climate model predictions in phases 
3 and 5 of the Coupled Model Intercomparison Project 
(CMIP) indicate that ocean stratification will continue 
to intensify throughout this century [3–6]. In the tropi-
cal Pacific, the thermocline usually occurs around 200 m 
[7], coinciding with the boundary between the photic and 
aphotic zones. While most studies focus on ocean strati-
fication from a physical perspective, a comprehensive 
understanding from a biological standpoint is required to 
develop more effective strategies for managing and miti-
gating the effects of global warming.

Upper-ocean stratification can directly influence the 
availability of light for photosynthesis and the supply 
of nutrients to deeper waters, both of which are crucial 
for primary productivity [8]. Primary productivity, in 
turn, directly or indirectly affects marine organisms at 
higher trophic levels through the food web. Additionally, 
changes in key environmental variables, such as light, 
temperature, oxygen, and food supply along the water 
column can significantly impact plankton diversity and 
community structure [9–13]. In both the western Pacific 

and northeastern Atlantic, strong fluctuations in the ver-
tical distribution of plankton communities have been 
observed in relation to ocean stratification [14, 15]. How-
ever, the causes of such biological stratification and the 
specific taxa responsible for these vertical shifts remain 
largely unknown.

Pelagic ciliates serve as important trophic intermediar-
ies between primary producers and consumers at higher 
trophic levels, employing a wide range of functional 
strategies, including autotrophy, heterotrophy, mixotro-
phy, and symbiosis including parasitism [16–19]. Hetero-
trophic ciliates play a key role in oceanic ecosystems by 
grazing on bacteria and algae. Their feeding behavior can 
transfer energy to higher trophic levels and significantly 
alter the composition, activity, and physiology of their 
prey [16, 20, 21]. Given their ecological importance and 
diverse trophic strategies, pelagic ciliates can be used as 
a model to study the vertical distribution and transition 
of functional strategies among plankton in the deep sea.

However, our understanding on ciliate communities 
and their functional strategies in aphotic zones remains 
limited, and the vertical diversity patterns of ciliates are 
still blurry due to conflicting findings from previous 
studies. For instance, Countway et al. observed more 
ciliate OTUs (operational taxonomic units) in the pho-
tic layers compared to aphotic layers [22]. In contrast, 
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Grattepanche et al. [23] and Hu et al. [24] reported an 
increase in diversity and activity of ciliate communities 
in aphotic zones. Additionally, Sun et al. found no signifi-
cant change in alpha diversity between the mesopelagic 
layers and surface water [25].

Current research on ciliate distribution patterns has 
rarely extended to the deep sea [26–28], and stud-
ies on the driving factors of pelagic ciliate communities 
are even scarcer. Depth had been identified as the most 
important factor influencing variations in the ciliate 
community structure [25, 29]. Schoenle et al. highlighted 
a high and unique diversity of deep-sea ciliates, under-
scoring the significance of deep-sea microbial commu-
nities [30]. While water temperature and chlorophyll a 
have been reported as the primary factors affecting the 
surface-water protistan communities [31], how the deep-
sea communities are regulated remains unknown. Pre-
vious studies have found certain parasitic ciliates to be 
unexpectedly active under high-pressure conditions [32]; 
and the limited export of organic carbon may contribute 
to the parasitic life strategies of deep-sea ciliates [33, 34]. 
In fact, the diversity of parasitic ciliates has also been 
reported to increase with depth [29, 35, 36], suggesting a 
potentially larger role for parasitic ciliates in the deep-sea 
communities.

In this study, we hypothesize that the pelagic cili-
ate communities exhibit vertical stratification driven by 
shifts in functional strategies that are prone to parasitism 

in deep water. To test this hypothesis, we collected a total 
of 306 samples from 31 stations in the western Pacific 
(Fig. 1), covering the full water column from the surface 
layer to the abyssopelagic zone, reaching depths of nearly 
6,000 m. This large-scale sampling provides a possibility 
to verify our hypothesis. Using the environmental DNA 
metabarcoding approach, we analyzed the diversity, com-
munity composition and potential connections of the cili-
ate communities between different water layers, and their 
driving factors as well. The shifts in the ciliate functional 
strategies and the effect of parasitic taxa on the vertical 
communities were further revealed. This study aims to 
provide insights into oceanic stratification from a biologi-
cal perspective and to enhance our understanding of the 
deep-sea microbial community under global warming.

Methods
Sampling station and collection
Water samples were collected from 31 stations across a 
horizontal distance of 3,454  km in the tropical western 
Pacific Ocean from November 2018 through January 
2019. Depending on the maximum water depth (ranging 
from 2,240 m to 5,950 m) at each station, water samples 
were collected from the surface (5 m), 25 m, deep chlo-
rophyll maximum (DCM), 200 m, 300 m, 500 m, 750 m, 
1,000 m, 2,000 m, 3,000 m, 4,000 m, and the bottom layer, 
reaching depths of nearly 6,000  m (Fig.  1). At each sta-
tion, 20 L of seawater was collected from each layer using 

Fig. 1 Overview of the sampling stations in the Pacific. Stations in the white dotted box are presented in the upper right corner of the map; number in 
parentheses indicates the number of layers taken at that station
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Niskin bottles coupled to a Sea-bird SBE911 CTD system, 
by which the salinity and temperature were measured. 
After collection, water samples were pre-filtered through 
a 200 μm sieve and then filtered through a polycarbonate 
filter with a pore size of 0.22 μm. The filters were quickly 
frozen in liquid nitrogen and then stored at − 80 °C until 
further processing. In situ probes were used to directly 
monitor of salinity and water temperature.

DNA extraction, PCR, and illumina sequencing
Environmental DNA was extracted from each sample 
using the All Prep DNA/RNA Mini Kit (Qiagen, Ger-
many), following the manufacturer’s recommended 
protocol. The hypervariable V4 region of the ciliate 18S 
rRNA gene was amplified using a nested PCR approach 
with three DNA subsamples from each sample [37]. 
First, the ciliate 18S rRNA gene was amplified with the 
CilF and CilR I-III primers [38]. This was followed by a 
second PCR using eukaryote-specific primers target-
ing the V4 region (EukF: 5’ CCAGCASCYGCGGTA-
ATTCC3’, EukR: 5’ ACTTTCGTTCTTGATYRA3’) [39], 
with purified PCR products from the first reaction as the 
template. To minimize PCR bias, three replicate PCRs 
were conducted for each sample and the PCR products 
were pooled before proceeding to the subsequent steps. 
Sequencing libraries were conducted using the NEB 
Next® Ultra™ II FS DNA PCR-free Library Prep Kit (New 
England Biolabs, USA) and sequenced on an Illumina 
NovaSeq 6000 platform with 250 bp paired-end reads by 
Novogene Bio-informatics Technology Co., Ltd.

Bioinformatics and statistical analysis
Raw sequencing data were processed using the Easy 
Amplicon pipeline [40]. Primers and low-quality reads 
were first removed with VSEARCH (v.2.15.2), followed 
by a denoising step with USEARCH (v.10.0.240) to 
obtain representative high-quality sequences for ampli-
con sequence variants (ASVs). Taxonomic annotation 
was performed using the PR2 (v.4.14.0) reference data-
base. The final ASV table was randomly subsampled to 
guarantee an equal number of sequences in each sample. 
Supplementary figures and tables, metadata (with envi-
ronmental information), the unrarefied ASV table, and 
the corresponding taxonomic assignments are available 
in Additional files 1, 2, 3 and 4, respectively.

To ensure comparability of taxonomic richness and 
statistics across samples, the number of sequences per 
sample was rarefied to the smallest sample size (n = 1026). 
Statistical analyses were performed using R (v.4.1.3), with 
data visualization provide by the package ggplot2. The 
R codes used for statistical analysis is included in Addi-
tional file 5.

Taxonomic diversity (TDAlpha) and phylogenetic 
diversity (PDAlpha) were calculated using the R package 

vegan. Taxonomic diversity refers to the ASV richness, 
which was measured by counting the number of ASVs. 
In contrast, phylogenetic diversity incorporates the evo-
lutionary distances between species, and it measures 
the evolutionary history shared by a set of species. It is 
defined as the minimum total length of all the phyloge-
netic branches required to connect a given set of taxa on 
a phylogenetic tree [41].

Principal Coordinate Analysis (PCoA) was conducted 
using the function `beta_pcoa()` in the R package ampli-
con (v.1.11.1) [40]. The Bray-Curtis dissimilarity (BC) 
index, computed with the `vegdist()` function (vegan 
package v.2.6.4) [42], was used to calculate pairwise dis-
similarities of ciliate communities across all stations. In 
this context, dissimilarities (referring to beta diversity) 
range from 0 to 1, with a value of 1 indicating no shared 
ASVs between paired stations, and a value of 0 indicat-
ing identical communities. ‘Similarity’ in this context is 
defined as 1 – BC, where a value of 1 indicates identical 
communities, and vice versa. Additionally, a linear model 
was constructed to reveal the relationship between the 
parasitic subcommunity and the entire ciliate commu-
nity. The R-squared value was used to assess the good-
ness of fit of the model; a lower R-squared value indicates 
greater dissimilarity between two communities, and vice 
versa.

Temperature, salinity, depth, longitude, and latitude 
were used to construct the environmental difference 
matrix based on Euclidean distance using the vegan pack-
age. Oceanic distance was used to evaluate the influence 
of dispersal, with the oceanic distance matrix calcu-
lated using the `distm()` function from in the geosphere 
package (v.1.5.18). To assess the potential correlations 
between variations in the ciliate community composition 
and environmental factors and oceanic distances as well, 
a Mantel test was performed using the `mantel()` func-
tion of the vegan package (permutations = 999) [43]. Each 
matrix included pairwise distances or dissimilarities for 
all stations. The correlation coefficient was calculated 
using the `corr.test()` function from psych package.

In the vertical connectivity analysis, each ASV was 
categorized with the water depth where it was initially 
detected from the surface to the abyssopelagic zone [44]. 
For the analysis of the ASV’s contribution at each depth, 
the ASVs from all stations were considered together.

We evaluated the potential role of stochastic processes 
in shaping the ciliate communities by using the neutral 
community model (NCM) [45]. The observed occurrence 
frequencies and the mean relative abundance of ASVs in 
the metacommunity were fit into the neutral community 
model, with the immigration rate (m) used as a metric 
for dispersal limitation [45]. Normalized stochasticity 
ratios (NST) were also employed to quantify the relative 
importance of deterministic and stochastic processes in 
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community assembly [46], using a cutoff of 0.5 to distin-
guish between more deterministic (NST < 0.5) and more 
stochastic (NST > 0.5) processes. The calculation of dis-
persal ability, which was defined as passive transported 
by water movements, followed Yeh et al. [47].

Data availability
The 18  S rRNA gene sequencing raw data have been 
submitted in the Genome Sequence Archive in the BIG 
DATA Center, Beijing Institute of Genomics (BIG), Chi-
nese Academy of Sciences (https://ngdc.cncb.ac.cn/gsa) 
under the accession number CRA012724 at  h t t  p s : /  / b i  g 
d  . b i g . a c . c n / g s a / b r o w s e / C R A 0 1 2 7 2 4     . The raw  s e q u e n c i 
n g data were also submitted to the National Center for 
Biotechnology Information (NCBI) database under the 
accession number PRJNA1172926.

Results
Overview of sequencing data
A total of 7,257,615 ciliate sequences were retrieved from 
306 samples collected at 31 stations in the Pacific (Fig. 1). 
The number of sequences per sample ranged from 
1,026 (F49) to 104,384 (B111), with an average of 23,718 
sequences per sample. The rarefaction analysis indicated 
near-saturated sampling profiles for all samples (Addi-
tional file 1: Fig. S1). A total of 3,300 ASVs were obtained 
and were classified into eight ciliate classes, namely Spi-
rotrichea, Oligohymenophorea, Nassophorea, Colpodea, 
Phyllopharyngea, Prostomatea, Litostomatea, and Het-
erotrichea. Overall, the mean similarity of all detected 
ciliate ASVs to formally described sequences was 99.5%. 
Despite the high similarity, many ASVs belonged to envi-
ronmental clades, which are composed exclusively of taxa 
detected by molecular surveys. Among these, NASSO_1, 
PHYLL_4, and OLIGO_5 were the most notable envi-
ronmental clades, representing 97.6%, 96.4%, and 29.1% 
of the Nassophorea, Phyllopharyngea and Oligohymeno-
phorea sequences, respectively.

Diversity and vertical stratification
Both the taxonomic (TDAlpha) and phylogenetic diver-
sity (PDAlpha) presented a unimodal pattern, with the 
highest diversity in the deep chlorophyll maximum 
(DCM) layer (Fig. 2a, b). The similarity of ciliate commu-
nities decreased with increasing depth (Fig. 2c). The hori-
zontal community similarity among pairwise stations was 
shown in Additional file 1: Fig. S2.

Principal Coordinates Analysis (PCoA) revealed two 
distinct clusters of ciliate communities, viz., the photic 
and aphotic clusters, with the 200 m as a transition water 
layer, as also indicated by the transitions in tempera-
ture and salinity (Additional file 1: Fig. S3d). PCoA1 and 
PCoA2 accounted for 22.2% and 6.7% of the total vari-
ability, respectively (Fig.  2d). This result was consistent 

with those of the clustering analyses based on UPGMA 
(unweighted pair-group method with arithmetic means) 
and K-means (Additional file 1: Fig. S3a–c).

Spirotrichea and Phyllopharyngea were the most domi-
nant groups throughout the water columns, followed 
by Nassophorea and Oligohymenophorea (Fig.  2e). In 
contrast, Prostomatea, Litostomatea, and Heterotrichea 
were the least abundant groups, accounting for less than 
0.1% of all ASVs. Oligohymenophorea represented 4.1% 
of the total sequences and 14.1% of the total ASVs. The 
proportion of oligohymenophorean ASVs in the photic 
layers was relatively low, averaging 1% (ranging from 0 
to 17%). Below 200 m, their proportion increased signifi-
cantly, averaging 6.5% (ranging from 0 to 44.4%). Addi-
tionally, the ASV richness of Oligohymenophorea below 
the 200 m layer was considerably higher than that in the 
photic layers. Colpodea accounted for 4.2% of the total 
sequences and 0.5% of the total ASVs (14 ASVs). The 
highest sequence and ASV proportions of Colpodea were 
recorded in the 3,000 m layer (on average 12.3% and 1.2%, 
respectively) and in the bottom layer (on average 12.6% 
and 1.2%, respectively).

The ASVs of Spirotrichea, Phyllopharyngea, and Nas-
sophorea are mostly heterotrophic. With increasing 
water depth below 200  m, the proportions of the para-
sitic ASVs and sequences of Oligohymenophorea and 
Colpodea generally increased. The Oligohymenophorea 
and Colpodea communities showed significant dissimi-
larity between individual paired stations, with minimal 
overlap with the entire ciliate community, as indicated 
by lower R-squared values (Fig. 3a, Additional file 1: Fig. 
S5). According to the Bray-Curtis dissimilarity of all lay-
ers (Fig.  3b), Oligohymenophorea showed the highest 
community dissimilarity throughout the water column, 
whereas Spirotrichea displayed less community vari-
ance. The taxonomic composition of the Oligohymeno-
phorea shifted notably from dominance by the subclass 
Peritrichia (order Sessilida, family Zoothamniidae) in 
the photic waters to the subclasses Scuticociliatia (order 
Philasterida) and Apostomatia (order Apostomatida and 
Astomatophorida) below 200 m (Fig. 4e). In contrast, the 
heterotrophic and most abundant group Spirotrichea, 
demonstrated a much higher modelling fitness (i.e., R2 
value) to the overall community (Additional file 1: Fig. 
S4a).

Distribution pattern and vertical connectivity
Significant horizontal distance-decay patterns were 
found in the photic layers (5 m – DCM) and in the apho-
tic layers of 2,000 m, 3,000 m and bottom, while no sig-
nificant patterns occurred in the mesopelagic layers of 
200  m – 1,000  m. The bathypelagic layers exhibited the 
highest slope coefficients, suggesting strong disper-
sal limitation and increased heterogeneity of the entire 

https://ngdc.cncb.ac.cn/gsa
https://bigd.big.ac.cn/gsa/browse/CRA012724
https://bigd.big.ac.cn/gsa/browse/CRA012724
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ciliate communities. (Fig.  3c). The horizontal dispersal 
ability of Oligohymenophorea and Colpodea were lower 
than that of other ciliate groups in each water layer, 
showing a tendency of increased dispersal ability with 
increasing water depth below 200 m (Fig. 4c).

The ciliate communities were fit into a neutral com-
munity model (NCM), and the normalized stochasticity 
ratio (NST) was performed to quantify the role of deter-
ministic and stochastic processes in shaping the ciliate 
communities (Fig. 5). Overall, the communities in layers 
above 750 m were predominantly shaped by the stochas-
tic processes, while those in deeper layers were shaped by 

the deterministic processes (Fig. 5h, i). Specifically, above 
the 750 m layer, the ciliate communities exhibited a bet-
ter goodness fit to the model, with an average of 59.8% 
of community variance explained, compared to those 
in deeper layers (15.2%). The communities in the 5  m 
and 25  m layers had relatively high fitness, with values 
of 78.1% and 77.2%, respectively, indicating significant 
influences of the stochastic processes in the surface com-
munities. The NST results suggested stochastic process 
was the main assembly process in communities in layers 
above 750 m, with an average NST value of 57%. Below 
750  m, deterministic process was the main assembly 

Fig. 2 Ciliate diversity and community structure in different water layers. (a) Taxonomic (TDAlpha) and (b) phylogenetic alpha diversity (PDAlpha). (c) 
Similarity boxplot and (d) Principal Co-ordinates Analysis (PCoA) plot of ciliate communities based on Bray-Curtis distances; the tree is based on UPGMA 
clustering. (e) Taxonomic composition of ciliate communities at the class level
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process in communities, with an average NST value of 
37.1%. Additionally, the migration rate of ciliate commu-
nities decreased with increasing water depth, indicating 
that dispersal processes have little effect on the entire 
ciliate communities in the deeper waters.

The vertical connectivity analysis showed that the 
ciliate communities were mainly composed of the pho-
tic ASVs which originated from the 5  m, 25  m, and 
DCM layer. These ASVs accounted for 81.7–94.7% of 
the sequence proportions in the aphotic communities 
(Fig.  6a). Among these, Spirotrichea, Phyllopharyngea 
and Nassophorea in the 5 m ASVs and DCM ASVs con-
tributed the sequence proportions of 65.5%–74.7% to the 
aphotic communities (Fig.  6, Additional file 1: Fig. S8, 
Table S2). In addition, the relative sequence contributions 
of the 25 m, DCM, and 200 m ASVs to deeper communi-
ties also increased with increasing depth (Additional file 
1: Table S1&S2).

Drivers of vertical community variations
The result of Mantel test showed that the environmen-
tal factors, particularly those in the photic zone, had 
a significant effect on the entire ciliate communities 
(Mantel r = 0.33, P = 0.001) (Additional file 1: Table S4). 
Temperature (Mantel r = 0.62, P = 0.001) and depth (Man-
tel r = 0.33, P = 0.001) were the most important factors. In 
contrast, salinity had a weak effect on the ciliate commu-
nities (Mantel r = 0.04, P = 0.015) (Additional file 1: Table 
S5). No significant effect was observed for those below 
the 200  m layer, where parasitic ciliates (members of 
Oligohymenophorea and Colpodea) generally increased 
with water depth (Fig. 2d, e).

Further analyses were conducted to reveal the relation-
ship between the entire ciliate communities and the para-
sitic subcommunities. The results showed that parasitic 
ciliates had a significant effect (Mantel r = 0.49, P = 0.001) 
on the entire ciliate communities, particularly in the 
aphotic zone (Additional file 1: Table S6). The result of 

Fig. 3 Ciliate community dissimilarity and distance-decay pattern. (a) Relationship between the entire ciliate community and the Oligohymenophorea 
as well as Colpodea subcommunities, considering all water layers. (b) Bray-Curtis dissimilarity boxplot of the entire ciliate community and subcommuni-
ties considering all layers. (c) Relationships between the horizontal community similarity and oceanic distance among pairwise stations in Epi (Epipelagic 
zone, 5 m – DCM), Meso (Mesopelgaic zone, 200 m – 1,000 m) and Bathy (Bathypelagic zone, 2,000 m – bottom). The points show the community similar-
ity values for each distance unit considering all pairwise stations. The relationship between community similarity and oceanic distance is fitted by a linear 
model (solid line). The smooth shadows represent the 95% confidence level intervals for the predictions of a linear model. A similarity value of 0 indicates 
that the two stations have no ASV in common, while a value of 1 indicates the two stations have identical communities. n indicates the number of sta-
tions. The significance level (P value) is displayed for each of the linear regressions
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Fig. 4 Variations of parasitic groups along the water column. (a) Taxonomic alpha diversity (TDAlpha) and phylogenetic alpha diversity (PDAlpha) of each 
layer; blue boxes represent Oligohymenophorea, yellow ones represent Colpodea. (b) The number of ASVs and sequences of Oligohymenophorea and 
Colpodea. The frequence of occurrence indicates the ratio between the stations at which the taxa were detected and the total number of stations. (c) 
Dispersal ability of the main ciliate groups. (d) Taxonomic composition of Colpodea at the order level. (e) Taxonomic composition of Oligohymenophorea 
at the order level
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single Mantel test showed that the ASV richness (Man-
tel r = 0.26, P = 0.001) and sequences (Mantel r = 0.22, 
P = 0.001) of the parasitic Oligohymenophorea and Colp-
odea had also significant effects on the entire ciliate com-
munities (Additional file 1: Table S5).

Discussion
Our study reveals a distinct vertical stratification and 
community variation of pelagic ciliates from the sur-
face to the abyssopelagic zone, with a boundary at a 
depth of 200  m, aligning with the thermocline in the 
western Pacific Ocean [7]. The vertical biological strati-
fication was associated with the shifts of relative domi-
nance of ciliates from the free-living groups in the photic 
zone to parasitic groups in deeper waters. Earlier stud-
ies have documented an increase in parasitic ciliates 

with increasing water depth [29, 36]. Our study further 
showed that the deep-water ciliate communities below 
the 200 m layer were mainly regulated by parasitic taxa, 
indicating that the parasitic loop might play a crucial role 
in deep-sea ecosystems.

Biological stratification in the deep ocean
Ocean stratification refers to the variation in water den-
sity between the surface and deep water, a phenomenon 
influenced mainly by the vertical distribution of the water 
temperature and salinity [48]. Stratification suppresses 
the vertical mixing process, thereby influencing the ver-
tical transport of heat, carbon, dissolved oxygen, and 
nutrients [2, 49]. Due to significant increase in surface 
ocean temperature caused by global warming, stratifi-
cation is expected to be notably affected [50, 51]. These 

Fig. 5 Assembly rules of the ciliate communities. (a–g) Estimation of the neutral processes based on the Sloan neutral model. The parameters R2 and m 
represent the goodness of fit and migration rate, respectively. The species that occur more and less frequently than predicted are shown in yellow and 
blue, respectively. Dashed lines represent 95% confidence intervals and the species falling within the confidence intervals are considered neutrally distrib-
uted. (h) Normalized stochasticity ratio (NST) of each layer, higher NST value indicates the community assembly is more stochastic. (i) Assembly processes 
of the ciliate communities in each layer, circular axes are under scale of 0 to 1, with the green grid line represents a value of 0.5
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changes in vertical stratification and mixing are likely 
to influence the phytoplanktonic communities [52–55], 
ultimately affecting the marine biogeochemical cycle 
through changes in the food web structure and energy 
transfer.

Our investigations showed a distinct vertical stratifi-
cation in the ciliate communities at a boundary layer of 
200 m depth. This phenomenon coincides with the ther-
mocline around 200 m depth, where environmental fac-
tors change drastically in the western Pacific Ocean [7]. 
The changes of environmental factors may lead to dif-
ferent capacities and trophic modes of microorganisms, 
driven by environmental selection and adaptation to 
variations in light, oxygen, nutrients, salinity, water tem-
perature and pressure [56, 57]. In our study, the parasitic 
groups showed a significant positive correlation with 
depth, while free-living ciliates exhibited either no corre-
lation or negative correlation with depth. These contrast-
ing correlation patterns indicate that stratification may 
have a potential role in the vertical distribution and func-
tional shifts of pelagic ciliates.

Shift in functional strategies from free-living to parasitic 
groups
Pelagic ciliates exhibit diverse morphologies and have 
various trophic modes, including autotrophy, heterot-
rophy, mixotrophy, and symbiosis including parasitism 
[18]. As an indispensable component of food web, cili-
ates serve as a bridge for primary productivity and energy 
transfer to higher trophic levels [16, 17]. In the deep sea, 
parasitic loop regulates host mortality and drive carbon 
as well as nutrient cycling [19]. By killing hosts, parasites 
release organic matter, fueling the microbial loop and 
influencing carbon sequestration. This parasitic activity 
thus plays a significant role in the carbon cycle of deep-
sea ecosystems, where organic matter is more limited and 
efficiently recycled [19].

In this study, we found a shift in functional strategies 
from free-living dominance in the photic zone to para-
sitic dominance in the aphotic zone. Our results showed 
that with increasing water depth, the ASV richness 
and relative abundance of the entire ciliate communi-
ties decreased, while those of parasitic ciliates distinctly 
increased below the 200  m water depth. The shift in 

Fig. 6 Vertical connectivity of the ciliate communities. (a) Contribution of ASVs in each layer, the category of each ASV was categorized with the water 
depth where it was initially detected from the surface to the abyssopelagic zone. (b) Sequence proportion of shared ASVs in the aphotic layers. (c, d) 
Taxonomic compositon based on the sequence number (seq) and ASV number (asv) of the 5 m (D5) ASVs (c) and DCM ASVs (d) in the deeper water layers
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functional strategies was mainly due to the occurrence 
of Colpodea and Oligohymenophorea below 200 m. The 
colpodean ciliates obtained in this study were predomi-
nantly Aristerostoma sp., formerly known as a gill para-
sitic pathogen in farmed Atlantic salmon [58]. Previous 
pressure experiments suggested that Colpodea might be 
active in deep-sea environment [32]. Our study not only 
confirmed the presence of Aristerostoma sp. in the west-
ern Pacific Ocean, but also observed distinct increases in 
the ASV and sequence proportions of the species with 
increasing depth below 200 m (Fig. 4).

Compared to Colpodea, Oligohymenophorea contrib-
uted most to the functional shift. Within the class Oligo-
hymenophorea, members of the subclass Apostomatia 
are obligate parasites, for instance, members of the fam-
ily Pseudocolliniidae can establish symbiotic or parasitic 
relationships with invertebrates, such as krill and cope-
pods [18]. Opalinopsidae (Apostomatia, Astomatophor-
ida) is a family of endoparasitic ciliates previously found 
in the digestive tract and renal appendages [59]. The sub-
class Scuticociliatia, which encompasses several parasitic 
or facultatively parasitic taxa, contributed the second 
most to the functional shift. Within Scuticociliatia, Pseu-
docohnilembidae can cause a disease called Scuticocili-
atosis, primarily affecting aquatic organisms, particularly 
fish [60].

OLIGO5 are environmental clades of Oligohymeno-
phorea, and have a weak phylogenetic relationship with 
divergent members of Scuticociliatia [35, 61]. Though 
it is tempting to speculate that they are parasitic, the 
OLIGO5 remains poorly understood [62]. In our study, 
OLIGO5 exhibited high ASV and sequence proportions. 
However, the environmental sequences (e.g., NASSO1, 
PHYLL4, and OLIGO5) are rarely assignable to families 
or lower taxonomic ranks and exhibit low similarity to 
the recognized morphospecies [29, 35]. This highlights 
our limited understanding regarding ciliates in open 
ocean waters, particularly those in the aphotic zone.

Establishing a comprehensive database is a pivotal task 
for improving taxonomic resolution. Collaborative efforts 
among taxonomists and molecular ecologists across dis-
ciplines and regions could enhance the classification of 
species with limited molecular information and unchar-
acterized sequences. Expanding diversity databases by 
encouraging researchers to submit novel and unclassi-
fied sequences to public repositories would help broaden 
the reference sequences. Metagenomic and single-cell 
genome assembly techniques could be employed to con-
struct reference genomes, providing deeper insights 
into the taxonomic placement of these sequences. 
Additionally, bioinformatics tools, including machine 
learning algorithms, could aid in predicting taxonomic 
affiliations based on sequence features and evolutionary 
relationships.

Factors driven the community variations
Our study showed that parasitic ciliates contributed 
the most to the vertical variations of ciliate communi-
ties below 200  m. The insignificant pattern observed in 
the mesopelagic zone may be due to the oxygen mini-
mum zone (OMZ, oxygen < 160 µmol/kg, 600–850  m), 
where parasitic groups may not adapt to the low oxygen 
environment [63]. Dissolved oxygen is known to be an 
essential factor shaping marine microbial trophic func-
tions and community structures [33, 63, 64]. In hypoxic 
conditions, parasites maintain but exhibit reduced mito-
chondrial respiration, indicating that a low oxygen condi-
tion adversely affected their survival or metabolic activity 
[65]. The low dissolved oxygen in the OMZ layer might 
prevent strong dominance by any particular species and 
support a wider range of niches [11], which could explain 
the insignificant effect of the parasitic taxa on the entire 
ciliate communities. However, due to limited environ-
mental data, we could not precisely determine how oxy-
gen affects the ciliates, particularly parasitic ones. Future 
studies could culture ciliates under varying oxygen con-
centrations to explore the effect of oxygen on the tran-
sition of nutritional types in ciliates. Field studies could 
involve collecting samples along oxygen concentration 
gradients and combining genome and transcriptome 
sequencing to reveal the response mechanisms of ciliates 
and other planktons to changes in oxygen concentrations.

Our results indicate that the dispersal ability of Oligo-
hymenophorea and Colpodea is crucial for the distance-
decay pattern in the entire ciliate communities. Their 
dispersal ability decreased significantly below the 200 m 
layer, resulting no significant distance-decay pattern in 
the entire ciliate communities in the mesopelagic zone. 
These findings indicate that the prevalence of parasitic 
ciliates in the aphotic zone could represent either active 
or inactive parasites, which may have been collected as 
dispersal stages or fragments from deteriorated animal 
tissues. The association of parasitic ciliates with hosts or 
sinking particles facilitates their occurrence and activ-
ity in the aphotic zone. Host movements across different 
depth layers can transport parasites, thereby influencing 
their distribution patterns [66]. After hosts die, parasites 
may enter a dormant stage and disperse to other areas 
through water currents or other physical factors [67]. 
This dispersal mechanism is important in deep-sea envi-
ronments. Additionally, our results highlight the poten-
tial role of parasitic ciliates in recycling carbon stored 
in animal biomass, suggesting a stronger involvement 
of parasitic ciliates in the aphotic zone compared to the 
photic zone.
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Conclusions
Based on water sample collection from a wide range of 
latitudes and longitudes in the western Pacific Ocean, 
we analyzed the horizontal and vertical diversity and 
distribution of ciliates by using the environmental DNA 
metabarcoding approach. Significant distance-decay 
patterns of ciliate communities were found in different 
water layers of the photic, bathypelagic and abyssope-
lagic zones, but not in the mesopelagic layers of 200  m 
– 1,000  m. We found a distinct vertical stratification of 
ciliate communities in a boundary layer depth of 200 m, 
coinciding with the thermocline in the western Pacific 
Ocean. Below 200 m, parasitic Oligohymenophorea and 
Colpodea became more prevalent, resulting in a distinct 
shift of relative dominance of ciliates from free-living to 
parasitic groups. A linear model showed that parasitic 
taxa were the main groups causing the ciliate commu-
nity variation along the water column. While tempera-
ture influenced the photic communities, parasitic taxa 
emerged as the primary drivers of the deep-water ciliate 
communities below 200  m. The observed shift provides 
new insights into oceanic stratification from a biological 
perspective, indicating that the parasitic loop might play 
a crucial role in deep-sea ecosystems.
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