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A B S T R A C T   

Recent global warming is profoundly and increasingly influencing the Arctic ecosystem. Understanding how 
microeukaryote communities respond to changes in the Arctic Ocean is crucial for understanding their roles in 
the biogeochemical cycles of nutrients and elements. Between July 22 and August 19, 2016, during cruise 
ARA07, seawater samples were collected along a latitudinal transect extending from the East Sea of Korea to the 
central Arctic Ocean. Environmental RNA was extracted and the V4 hypervariable regions of the reverse tran-
scribed SSU rRNA were amplified. The sequences generated by high throughput sequencing were clustered into 
zero-radius OTUs (ZOTUs), and the taxonomic identities of each ZOTU were assigned using SINTAX against the 
PR2 database. Thus, the diversity, community composition, and co-occurrence networks of size fractionated 
microeukaryotes were revealed. The present study found: 1) the alpha diversity of pico- and nano-sized 
microeukaryotes showed a latitudinal diversity gradient; 2) three distinct communities were identified, i.e., 
the Leg-A, Leg-B surface, and Leg-B subsurface chlorophyll a maximum (SCM) groups; 3) distinct network 
structure and composition were found in the three groups; and 4) water temperature was identified as the pri-
mary factor driving both the alpha and beta diversities of microeukaryotes. This study conducted a compre-
hensive and systematic survey of active microeukaryotes along a latitudinal gradient, elucidated the diversity, 
community composition, co-occurrence relationships, and community assembly processes among major micro-
eukaryote assemblages, and will help shed more light on our understanding of the responses of microeukaryote 
communities to the changing Arctic Ocean.   

1. Introduction 

By transforming energy and chemical substrates in a multitude of 
metabolic processes, marine microorganisms underpin ocean food webs 
and drive global biogeochemical cycles. (Field et al., 1998; Pomeroy 
et al., 2007). Among the highly diverse marine microorganisms, most 
microeukaryotes (single-celled eukaryotes, protists) are microscopic. 
However, these assemblages exhibit a wide range of morphologies, be-
haviors, and nutritional modes, including phototrophy, heterotrophy, 
and mixotrophy, and can perform free-living, symbiont, or parasitic 

lifestyles (Caron et al., 2012). They form complex ecological networks 
(Azam et al., 2007; Lima-Mendez et al., 2015) and initiate and govern 
major biogeochemical cycles on both local and global scales (Field et al., 
1998; Falkowski et al., 2008). The traditional approach of microscopy 
observation has been used to assess microeukaryote diversity by 
comparing their morphological features (Sournia et al., 1991; Simon 
et al., 2009), which may largely underestimate the actual extent of their 
diversity because some pico/nano-sized or parasitic groups are small 
and lack sufficient morphological traits for accurate separation. In the 
past several decades, molecular surveys based on the sequencing of 

* Corresponding author. State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen, 361002, China. 
** Corresponding author. Fujian Provincial Key Laboratory for Coastal Ecology and Environmental Studies, Xiamen University, Xiamen 361102, China. 

E-mail addresses: dapengxu@xmu.edu.cn (D. Xu), psun@xmu.edu.cn (P. Sun).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2022.113234 
Received 29 June 2021; Received in revised form 24 March 2022; Accepted 28 March 2022   

mailto:dapengxu@xmu.edu.cn
mailto:psun@xmu.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.113234
https://doi.org/10.1016/j.envres.2022.113234
https://doi.org/10.1016/j.envres.2022.113234
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.113234&domain=pdf


Environmental Research 212 (2022) 113234

2

marker genes, such as the SSU rRNA gene, have uncovered massive 
undescribed diversity (Mittelbach et al., 2010; Toseland et al., 2013; 
Giner et al., 2020). Thus, sequencing approaches, particularly high 
throughput sequencing (HTS), have been shown to be effective tools for 
characterizing the biodiversity and biogeography of microbial assem-
blages, including microeukaryotes, in diverse environments and 
revealing the environmental driving mechanisms. 

Despite recent advances in the biodiversity studies of micro-
eukaryotes, some fundamental topics remain disputed, including, for 
example, the latitude diversity gradient of protists (LDG). The LDG is 
one of the most remarkable patterns in nature, occurring in both marine 
and terrestrial organisms. The general LDG pattern is that alpha di-
versity decreases as latitude increases. Despite the fact that numerous 
studies have been conducted on the LDG for a variety of microorgan-
isms, including viruses, bacteria, diatoms, and copepods, no consensus 
has been reached (Woodd-Walker et al., 2002; Hillebrand, 2004; Fuhr-
man et al., 2008; Milici et al., 2016; Gregory et al., 2019; Righetti et al., 
2019). For example, even the two most recent studies on the LDG of 
protists produced insistent results. Based on the Tara Ocean global ex-
peditions, Ibarbalz et al. (2019) found a decline in diversity for most 
planktonic groups, including microeukaryotes, toward the poles. While 
based on samples collected along a ~15,400-km Pacific Ocean transect, 
Moss et al. (2020) concluded that Eukarya communities lacked LDG. 

Most studies on the biodiversity of microeukaryotes to date have 
relied on environmental DNA extracts (López-García et al., 2001; Stoeck 
et al., 2003; Massana et al., 2004; de Vargas et al., 2015; Santoferrara 
et al., 2016; Ibarbalz et al., 2019; Moss et al., 2020; Zhao et al., 2021). 
Few have used RNA-based sequencing (Stoeck et al., 2007; Not et al., 
2009; Massana et al., 2015; Logares et al., 2014; Hu et al., 2016; Xu 
et al., 2017, 2018a; Sun et al., 2019, 2020, 2021; Giner et al., 2020; Li 
et al., 2021). The former was proposed to reveal the total community 
because environmental DNA could contain nucleic acids from living, 
dormant, or dead microbial cells, as well as extracellular free DNA 
(Josephson et al., 1993; Dell’Anno and Danovaro, 2005), whereas the 
latter was proposed to contain only active members due to the rapid 
degradation of extracellular RNA molecules (Karl and Bailiff, 1989). 
Additionally, introns in several key taxonomic groups of diatoms, such 
as Chaetoceros, can render the V4 regions of the SSU rRNA gene too 
lengthy to sequence using HTS, resulting in the under- or 
non-representation of some abundant and ecologically significant spe-
cies when using DNA (Gaonkar et al., 2018, 2020). When the rRNA gene 
is transcribed into rRNA, the introns are deleted, and so these species can 
be detected using RNA sequencing rather than DNA sequencing. Most 
previous studies addressing the LDG of microeukaryotes used SSU rRNA 
gene sequencing (Fuhrman et al., 2008; Xia et al., 2019; Ibarbalz et al., 
2019; Moss et al., 2020). The diversity and community composition of 
active microeukaryotes in response to the latitudinal gradient remain to 
be further explored. 

Climate change scenarios predict an overall increase in sea surface 
temperature with substantial impacts on the Arctic Ocean (Ibarbalz 
et al., 2019; Pachauri et al., 2014). Since the mid-20th century, Arctic air 
temperatures have risen twice as fast as the global average (~0.7 ◦C) 
(Screen and Simmonds, 2010; Stocker et al., 2013). Changes in ocean 
temperature have the potential to alter plankton diversity, composition, 
and distribution by affecting their metabolic rates and growth (Thomas 
et al., 2012; Toseland et al., 2013), the nutrients available to phyto-
plankton/bacteria, and further higher trophic level organisms in the 
food webs (Bopp et al., 2013). According to the model study, the most 
dramatic changes in diversity across most marine planktonic groups are 
expected to occur in the Arctic Ocean, with a ca. 50% increase in the 
diversity of non-parasitic protists (Ibarbalz et al., 2019). It is widely 
established that changes in the taxonomic composition of planktonic 
communities have substantial impacts on key ecosystem activities such 
as primary and secondary production, carbon and nutrient cycling, and 
further ecosystem services (Levinsen and Nielsen, 2002; Beaugrand 
et al., 2015; Hutchins and Fu, 2017; Brun et al., 2019). Thus, 

establishing a baseline and conducting continuous surveys of the di-
versity and community dynamics of Arctic microeukaryotes are critical 
for inferring the influence of Arctic microorganisms under the global 
warming scenario. Over the past two decades, environmental 
sequencing-based techniques have enabled a rapid survey of marine 
microeukaryotes. Due to sampling problems, studies on Arctic micro-
eukaryotes, particularly those employing environmental RNA-based 
sequencing, have been sparse in comparison to other marine regimes 
(Marquardt et al., 2016; Stecher et al., 2016; Comeau et al., 2019; 
Kalenitchenko et al., 2019; Xu et al., 2020; Liu et al., 2021; Sun et al., 
2022). Furthermore, most studies conducted in the Arctic Ocean have 
focused on the taxonomic diversity of microeukaryotes, leaving func-
tional composition and co-occurrence network analysis largely 
restricted. 

In the present study, we used SSU rRNA-based HTS to evaluate the 
latitudinal distribution patterns of size-fractionated microeukaryote 
plankton communities and network analysis to examine the relation-
ships among key microeukaryote taxonomic and functional groups. Our 
main objectives were to (1) validate the LDG of size-fractionated active 
microeukaryotes; (2) uncover the co-occurrence patterns of major 
microeukaryote assemblages, and (3) reveal changes in the community 
assembly process. Taken together, our work will provide additional 
insight into the latitudinal patterns of active microeukaryotes and 
improve our understanding of their co-occurrence relationships in var-
iable environments, with a particular emphasis on the Arctic Ocean 
under the global warming scenario. 

2. Materials and methods 

2.1. Sample collection 

Thirty-four stations along a latitudinal transect extending from the 
East Sea of Korea (the Sea of Japan) (A1-A4), the northwestern Pacific 
Ocean (A7-A15), the Bering Sea (A16-A22), and the Arctic Ocean 
(B1–B31) were sampled onboard IBRV ARAON between July 22 and 
August 19, 2016, as part of the ARA07 Expedition (Fig. 1, Table S1). 
Stations labeled with “A” were sampled during Leg-A and stations 

Fig. 1. Sampling stations during cruise ARA07 conducted in 2016. Stations 
labeled with “A” were sampled during Leg-A and those labeled with “B” were 
sampled during Leg-B. 
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labeled with “B” were sampled during Leg-B. For Leg-A and Leg-B, 
surface seawater was collected. Seawater from the subsurface chloro-
phyll maximum (SCM) depth was only collected for Leg-B. Procedures 
for sample collection were described in Xu et al. (2020). To summarize, 
seawater was collected at each station using Niskin bottles attached to a 
CTD rosette that measured the seawater temperature and salinity in situ. 
Approximately 5L of seawater was prefiltered through a 200 μm mesh 
(Nitex) to remove large plankton, and then sequentially filtered through 
47-mm diameter 20 μm, 3 μm, and 0.4 μm pore size membrane (Milli-
pore) filters to collect microeukaryotes of 0.4–3 μm, 3–20 μm, and 
20–200 μm, respectively. The filters were flash-frozen in liquid nitrogen 
and kept at − 80 ◦C until nucleic acid extraction. 

Measurements on size-fractionated chlorophyll a (Chl a) concentra-
tions, nutrients, and numeration on picoplankton, including heterotro-
phic bacteria (HBs), Prochlorococcus, and pigmented picoeukaryotes 
(PPEs), were introduced in Xu et al. (2020). Data on nutrients and 
picoplankton data were available only for Leg-B samples. 

2.2. RNA extraction, PCR amplification, and sequencing 

RNA was extracted using the RNeasy Mini Kit (Qiagen, USA) 
following the manufacturer’s instructions and reverse transcribed into 
cDNA using the QuantiTect® Reverse Transcription Kit (Qiagen, USA). 
To amplify the hypervariable V4 regions of the SSU rRNA gene, the 
universal eukaryotic primers TAReuk454FWD1 and TAReukREV3 were 
employed (Stoeck et al., 2010). Each sample was PCR amplified four 
times to acquire sufficient amplicons for sequencing, and the PCR con-
ditions followed Xu et al. (2020). The PCR amplicons for each sample 
were pooled and then purified using the MiniElute Gel Extraction Kit 
(Promega, China). Sequencing was performed at Majorbio (Shanghai, 
China) for paired-end sequencing (2 × 250) using an Illumina MiSeq 
platform. Leg-B surface water data were obtained from our previous 
work (Xu et al., 2020, accession number PRJNA596339), and the 
remaining data were uploaded to the NCBI Sequence Read Archive 
(accession number PRJNA800585). 

2.3. Sequence processing 

Quality filtering, demultiplexing, and assembly of raw data were 
done using Trimmomatic (Bolger et al., 2014) and Flash (Magoc and 
Salzberg, 2011), according to the criteria specified in Li et al. (2018). 
Dereplication of quality-filtered reads was then performed using 
Usearch 11 (Edgar, 2010). After screening reads with Mothur, only those 
between 300 and 500 bp were retained for downstream analysis (Schloss 
et al., 2009). Reads were denoised and clustered into zero-radius OTUs 
(ZOTUs) using UNOISE3 (Edgar, 2016a). ZOTUs with fewer than four 
reads were discarded. SINTAX (Edgar, 2016b) was used to classify 
ZOTUs against the PR2 database (Guillou et al., 2012). The generation of 
ZOTU tables was done in Usearch 11, and non-Eukaryota affiliated 
ZOTUs were deleted. 

Because a functional analysis based on comprehensive annotations of 
nutritional modes of different groups of microeukaryotes is beyond the 
scope of this work, the ZOTUs identified were classified into four trophic 
functional groups, i.e., phototrophs, heterotrophs, mixotrophs, and 
parasites, according to Armeli Minicante et al. (2019) and Schneider 
et al. (2020) (Supplementary Table S3). 

2.4. Statistical analyses 

To normalize sampling effort, ZOTU counts were rarefied at the 
lowest read number (39,870) across all samples before downstream 
analysis. Alpha diversity estimates, including ZOTU richness, Shannon, 
and phylogenetic diversity (PD), were calculated in QIIME (Caporaso 
et al., 2010). The Spearman correlation coefficients between the alpha 
diversity estimates and environmental factors were calculated using 
SPSS v.11.5 (SPSS, Chicago, IL, United States). The ordination of the 

microeukaryote community was visualized using principal coordinate 
analysis (PCoA) based on Bray-Curtis dissimilarities and unweighted 
UniFrac distances in R using the “vegan” package (R Core Team, 2015). 
Differences between sample groups were tested using analysis of simi-
larity (ANOSIM) within PRIMER 6 (Clarke and Gorley, 2009). The 
Mantel and partial Mantel tests were used to explore correlations be-
tween environmental parameters and beta diversity in R with the 
“vegan” package (Legendre and Legendre, 1998). 

Quantification of major ecological processes followed Stegen et al. 
(2013). Briefly, two major steps were conducted. We first calculated the 
β-nearest taxon index (βNTI) for all pairwise community comparisons to 
determine the influence of selection. Then, using Bray-Curtis-based 
Raup-Crick (RCbray) for pairwise community comparisons, the in-
fluences of dispersal and drift were calculated. 

2.5. Network analysis 

To reduce the complexity of the datasets, networks were constructed 
using ZOTUs with a relative abundance higher than 0.01% and detected 
in at least 10% of samples. The Spearman correlations among chosen 
ZOTUs were calculated using the ‘Hmisc’ (Harrell, 2008) and ‘igraph’ 
packages (Csardi and Nepusz, 2006). Correlations between ZOTUs that 
were significant (P-value < 0.01) and robust (ρ ≥ 0.6) were exported as 
a GML format network file (Ju et al., 2014; Salazar et al., 2015). Prior to 
that, to reduce false-positive results, the P-values for each network were 
adjusted with a multiple testing correction using the 
Benjamini-Hochberg false discovery rate (FDR) control process (Benja-
mini et al., 2006). Network visualization, modular analysis, and 
network-level topological properties (i.e., node, edge, average degree, 
density, diameter, clustering coefficient, and average path length) were 
conducted using Gephi v 0.9.2 (Bastian et al., 2009). 

3. Results 

3.1. Environmental parameters 

Pronounced gradients in physical, chemical, and biological param-
eters were found along the transect from the northwest Pacific Ocean to 
the Arctic Ocean. Surface seawater temperature and salinity decreased 
with increasing latitude (Figure S2A). Water temperatures dropped from 
25.3 ◦C in the East Sea of Korea to 4.5 ◦C in the Bering Strait, while they 
were below 0 ◦C in the Arctic Ocean. Salinity in Leg-A surface waters 
ranged from 30.6 to 33.6 and was below 30.0 in the Arctic Ocean. Water 
temperature ranged between − 1.6 and 3.0 ◦C and salinity ranged be-
tween 30.7 and 32.4 at the SCM depth of the Leg-B. The Chl a concen-
tration in surface waters followed a unimodal pattern along the transect 
(on average 0.35 μg/L and ranged from 0.04 to 1.21 μg/L), peaking at 
station A18 (Figure S2B). In the SCM depth, the Chl a concentration 
ranged between 0.42 and 2.14 μg/L. In the majority of Leg-A stations, 
picoplankton contributed the most to total Chl a, whereas micro-
plankton dominated the SCM phytoplankton communities (Figure S2B). 

Ammonium (NH4), nitrate (NO3), and nitrite (NO2) concentrations in 
Leg-B surface waters were low, with practically all of them below the 
detection limit. Concentrations of NH4, NO3/NO2, phosphate (PO4), and 
silicate (SiO2) were found to be higher in the SCM depth. The abundance 
of HBs varied between 1.53 × 105 and 1.27 × 106 cells/mL in surface 
water and between 1.27 × 105 and 1.01 × 106 cells/mL in SCM. PPEs 
were usually more abundant in the SCM than in the surface water (2.12 
× 103–8.70 × 103 vs. 1.10 × 103–1.46 × 104 cells/mL) (Figure S3). 

3.2. Alpha diversity estimates and the driving factors 

To reveal the variations in active microeukaryote communities along 
a latitudinal gradient, 120 samples were analyzed using HTS of PCR- 
amplified SSU rRNA. A total of 10,542,320 quality-screened, Eukar-
yota-affiliated sequences were generated, ranging from 39,870 to 
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120,422 per sample (Table S2). The rarefaction curves based on ZOTU 
richness showed that microeukaryotes were not thoroughly sampled in 
most samples. However the pooled size-fractionated samples showed a 
symbol of saturation (Figure S1). A total of 11,908 ZOTUs were recov-
ered, with the number of ZOTUs per sample ranging from 243 (A13p) to 
3,207 (A9m). Following random subsampling at the lowest sequence 
count (39,870), a total of 10,556 ZOTUs were retrieved, ranging from 
165 (A13p) to 2,607 (A9m) ZOTUs per sample (Fig. 2, Table S2). 

Alpha diversity estimates for micro-sized (MS) microeukaryotes in 
surface water indicated that they peaked around mid-latitude (50–60 
N). Alpha diversity estimates of the nano-sized (NS) fraction declined as 
latitude increased toward the north pole, with the minimum at the 
Arctic Circle. In comparison, those belonging to the pico-sized (PS) 
fraction increased slightly from low latitude, peaked between 50 and 60 
N, and subsequently decreased toward the north pole (Fig. 2). For Leg-A, 
the alpha diversity estimates for PS and NS were comparable statisti-
cally, both being significantly higher than those for MS (Figure S4A). For 
Leg-B surface water samples, NS had significantly higher alpha diversity 
estimates than MS, but the differences between PS and NS, PS and MS 
were not significant (Figure S4B). The alpha diversity estimates for Leg- 
B SCM samples were comparable among MS, NS, and PS (Figure S4C). 

Except for the MS, Spearman correlation analysis showed that the 
alpha diversity estimates of both PS and NS communities were signifi-
cantly correlated with longitude, temperature, and salinity (Table 1). 

3.3. Beta diversity, taxonomic and functional community compositions 

In the two-dimensional principal coordinates analysis (PCoA) plots 
based on Bray Curtis distance and Unweighted Unifrac metric, all sam-
ples were clustered into two groups, i.e., Group Leg-A, which included 
all surface water samples from Leg-A, and Group Leg-B, which included 
all samples from Leg-B (Fig. 3A), which was statistically supported 
(ANOSIM, R = 0.60, p < 0.001). Within Group Leg-A, samples were 
clustered according to the size of the microeukaryote assemblages 
(ANOSIM, R = 0.63, p < 0.001) (Fig. 3; S5A,B,C). Within Group Leg-B, 
samples were initially clustered by depth (ANOSIM, R = 0.43, p <
0.001), i.e., surface water and SCM, and then by size (Fig. 3B; S4D, 
ANOSIM, R = 0.53, p < 0.001 for surface water and R = 0.38, p < 0.001 
for SCM samples, respectively). The clustering dendrogram based on 
Bray Curtis dissimilarities revealed that all three size-fractionated 
microeukaryote subcommunities exhibited a regional clustering 
pattern apportioned to the oceanic regions (Fig. 4). 

For the MS (Fig. 5; Figure S6A), Alveolata (mostly Class Spirotrichea, 

Ciliophora) accounted for ca. 37.7%, 37.0%, 18.3% in the Leg-A, Leg-B 
surface, and Leg-B SCM groups, respectively. Stramenopiles-affiliated 
sequences, largely associated with Bacillariophyta, contributed ca. 
16.7% to Leg-A, compared to ca. 38.0% to Leg-B surface and ca. 53.8% 
to Leg-B SCM. Opisthokonta-affiliated sequences, mostly Arthropoda, 
contributed ca. 42.5% to Leg-A, followed by ca. 22.3% to Leg-B surface 
and ca. 12.7% to Leg-B SCM. Other groups contributed only minorly to 
the MS, with a few exceptions in individual samples. For example, 
Rhizaria accounted for ca. 14.5% of Leg-B SCM, particularly in sample 
BD29 (Figure S6A). For the NS (Fig. 5; Figure S6B), Alveolata (mostly 
Dinophyceae in Leg-A and Leg-B SCM, Spirotrichea in Leg-B surface) 
accounted for ca. 31.7%, 25.1%, and 42.6% in Leg-A, Leg-B surface, and 
Leg-B SCM, respectively. Stramenopiles (mostly Bacillariophyta) 
accounted for ca. 31.6%, 52.7%, and 41.2%, respectively, in the three 
groups. Opisthokonta accounted for ca. 11.1%, 8.8%, and 3.6%, 
respectively. Rhizaria was distributed uniformly, while Hacrobia was 
distributed unevenly, with a substantially higher proportion in Leg-A 
than in both Leg-B surface and Leg-B SCM. For the PS (Fig. 5; 
Figure S6C), Alveolata accounted for ca. 35.2%, 48.4%, and 42.9%, 
respectively, in Leg-A, Leg-B surface, and Leg-B SCM, with Spirotrichea 
continuing to be the major contributor. Stramenopiles accounted for ca. 
20.6%, 34.5%, and 31.3% of the total, respectively. Opisthokonta and 
Hacrobia were more prevalent in Leg-A surface samples than in Leg-B 
surface and Leg-B SCM samples. 

In terms of ZOTU richness, Alveolata (ca. 42.4%, mainly Ciliophora 
and Dinophyceae) and Stramenopiles (ca. 27.0%, mainly Bacillar-
iophyta) were the dominant groups in the MS, followed by Opisthokonta 
(ca. 12.4%, mainly Arthropoda), Rhizaria (ca. 7.9%, mainly Acan-
tharea), and other groups in Leg-A (Fig. 5, Fig. S7A). In Leg-B surface 
samples, Stramenopiles (ca. 40.1%, mainly Bacillariophyta) surpassed 
Alveolata (ca. 36.2%, mainly Ciliophora) as the most prominent group, 
followed by Rhizaria (ca. 10.6%, mainly Cercozoa), and other groups. 
Alveolata (ca. 38.8%, mainly Ciliophora) was the most prevalent group 
in Leg-B SCM, followed by Stramenopiles (35.2%, mainly Bacillar-
iophyta), Rhizaria (ca. 16.4%, mainly Cercozoa), and other groups. For 
the NS (Fig. 5, Figure S7B), the three most dominant groups in Leg-A 
were Alveolata (ca. 40.5%, mainly Syndiniales), Stramenopiles (ca. 
23.3%, mainly Bacillariophyta), and Rhizaria (ca. 13.0%, mainly Poly-
cystinea), while those in Leg-B surface were Stramenopiles (ca. 34.5%, 
mainly Bacillariophyta), Alveolata (ca. 32.3%, mainly Dinophyceae and 
Ciliophora), and Rhizaria (ca. 14.5%). For Leg-B SCM, Alveolata (mainly 
Dinophyceae) and Stramenopiles (mainly Bacillariophyta) accounted 
for ca. 43.2% and 31.4%, respectively, followed by Rhizaria (ca. 12.9%, 

Fig. 2. Latitudinal trends of alpha diversity estimates (ZOTU richness, Shannon, and PD) of size fractionated microeukaryotes in the surface water and the 
SCM depth. 
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mainly Cercozoa) and other groups. For the PS (Fig. 5, Figure S7C), 
Alveolata (ca. 37.0%, mainly Spirotrichea and Syndiniales), Strameno-
piles (ca. 22.9%, mainly Bacillariophyta), and Hacrobia (ca. 15.3%, 
mainly Prymnesiophyceae) were the top three contributors in Leg-A. For 
Leg-B surface, Alveolata (ca. 42.0%, mainly Ciliophora) was the most 
abundant group, followed by Stramenopiles (ca. 28.7%, mainly Bacil-
lariophyta), Rhizaria (ca. 11.2%, mainly Cercozoa), and other groups. 
While for Leg-B SCM, Alveolata (mainly Syndiniales) and Stramenopiles 
(mainly Bacillariophyta) were the two most dominant groups, followed 
by Rhizaria (ca. 12.4%, mainly Cercozoa) and other groups. 

The simple Mantel test revealed that microeukaryote communities in 
all three fractions were significantly correlated with water temperature, 
latitude, and salinity (Table 2). After controlling for latitude, all three 
fractions were still significantly correlated with temperature but with 
lower R values. After controlling for temperature, only the MS showed a 
weak correlation with latitude, and no significant correlations were 
found between NS/PS and latitude (Table 2). 

3.4. Variations in the richness of the functional groups 

For the MS, the proportion of heterotrophs affiliated reads decreased 
along the transect while phototrophs increased. The proportion of 
mixotrophs was the highest in the Leg-B surface, followed by Leg-A and 
Leg-B SCM (Fig. 6; S8). For the NS, the mixotrophs were the highest 
contributors in Leg-A, whereas phototrophs took over in Leg-B surface 
and Leg-B SCM. In all three groups, mixotrophs dominated the PS (Fig. 6, 
S8). In terms of richness, Leg-B SCM had the highest ZOTU number of 
heterotrophs, phototrophs, and mixotrophs for the MS. Leg-A had the 
highest ZOTU number of any of the four functional groups in the NS and 
PS (Fig. 6, S9). 

3.5. Co-occurrence networks 

Co-occurrence networks for Leg-A, Leg-B surface, and Leg-B SCM 
were constructed, respectively (Fig. 7). The Leg-A network had 657 
nodes and 18,963 edges, with 96.97% of network connections being 
positive. The Leg-B surface network had 443 nodes and 6054 edges, with 
91.13% of network connections being positive, whereas the Leg-B SCM 
network contained 511 nodes and 5688 edges, with 86.74% of network 
connections being positive (Table S4). The Leg-A network had the 
highest network density, followed by the Leg-B surface network and the 
Leg-B SCM network. In comparison, the Leg-B SCM network had the 
highest modularity and average path length, followed by the Leg-B 
surface network and the Leg-A network (Table S4). Unique node-level 
topological features of the three networks were compared. Leg-A had 
the highest degree, closeness centrality, and harmonic closeness cen-
trality, followed by the Leg-B surface network and the Leg-B SCM 
network (Figure S10). Significantly higher betweenness centrality 
values were found for the Leg-A network than the other two networks. 
No significant betweenness centrality values were found between the 
Leg-B surface network and the Leg-B SCM network (Figure S10). 

Spirotrichea (Ciliophora, 14.3%), non-diatom Stramenopiles 
(10.4%), Prymnesiophyceae (9.9%), Dinophyceae (9.4%), and Bacil-
lariophyta (8.7%) were the highest contributors to the Leg-A network, 
accounting for more than half of all nodes (Fig. 7A). Bacillariophyta 
(19.4%), Spirotrichea (15.8%), Cercozoa (12.9%), and non-diatom 
Stramenopiles (8.8%) dominated the Leg-B surface network, contrib-
uting ca. 57% of all nodes. Bacillariophyta (21.9%), Spirotrichea 
(15.3%), Dinophyceae (11.2%), and Cercozoa (10.0%) contributed the 
most to the Leg-B SCM network, accounting for ca. 58.4% of all nodes 
(Fig. 7A). Mixotrophs dominated both the Leg-A and Leg-B SCM net-
works (ca. 45.5% and 38.0% of total nodes, respectively). Heterotrophs 
contributed almost equally to the Leg-A and Leg-B SCM networks (ca. 
28.5% and 29.2%, respectively). Heterotrophs and mixotrophs 

Table 1 
Spearman’s correlation coefficients between alpha diversity estimates and environmental variables. Significant values of p (<0.05) are in bold.  

Variable Micro Nano Pico 

OTUs Shannon PD OTUs Shannon PD OTUs Shannon PD 

Latitude r 0.174 0.175 − 0.042 − 0.497 − 0.360 − 0.515 − 0.667 − 0.590 − 0.680 
p 0.282 0.281 0.796 0.003 0.037 0.002 0.000 0.000 0.000 

Longitude r − 0.113 0.199 − 0.141 0.374 0.008 0.280 0.301 0.255 0.268 
p 0.488 0.219 0.386 0.029 0.963 0.109 0.042 0.088 0.072 

Temperature r − 0.181 − 0.235 0.023 0.507 0.371 0.558 0.662 0.574 0.681 
p 0.264 0.144 0.889 0.002 0.031 0.001 0.000 0.000 0.000 

Salinity r 0.110 0.108 0.244 0.568 0.094 0.534 0.608 0.517 0.611 
p 0.500 0.506 0.130 0.000 0.596 0.001 0.000 0.000 0.000 

Chl a r 0.400 0.270 0.275 0.0416 − 0.402 0.049 0.509 0.462 0.548 
p 0.011 0.091 0.086 0.815 0.018 0.783 0.000 0.001 0.000  

Fig. 3. Plots of principal coordinates analysis (PCoA) of microeukaryote communities based on Bray Curtis dissimilarities (A) and Unweighted UniFrac distance 
matrices (B). 
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contributed about equally to the Leg-B surface network (ca. 35.2% and 
32.3%, respectively), followed by phototrophs (27.4%) and parasites 
(ca. 2.9%) (Fig. 7B). The Leg-A network was parsed into five modules, 
while the five most abundant modules in the Leg-B surface and SCM 
networks accounted for ca. 94.1% and 85.1% of all nodes, respectively 
(Fig. 7C). 

3.6. Community assembly processes 

Dispersal limitation was identified as the primary driver for com-
munity assembly processes in the active microeukaryote communities, 
explaining ca. 57.9%, 63.3%, and 53.7% of community turnover in the 
micro-, nano-, and pico-sized fractions, respectively (Fig. 8). Drift sur-
passed other processes as the second most important driving process in 
micro- and nano-sized communities (ca. 32.2% and 15.5%, respec-
tively), while in pico-sized communities, heterogeneous selection 
accounted for ca. 18.6% of community turnover, followed by drift (ca. 
14.9%) and other processes (Fig. 8). 

4. Discussion 

4.1. Latitudinal diversity gradient (LDG) of the active microeukaryotes 

The LDG refers to the increase in species richness toward the tropics 

for terrestrial, freshwater, and marine organisms, a phenomenon that 
has captivated ecologists for decades and is still a source of contention 
(Willig et al., 2003; Hillebrand, 2004; Endo et al., 2018; Ibarbalz et al., 
2019; Moss et al., 2020). Even when samples are obtained concurrently, 
different groups of microorganisms may exhibit diverse LDG patterns 
(Endo et al., 2018; Ibarbalz et al., 2019). To our best knowledge, this is 
the first time an attempt has been made to address the LDG of active 
microeukaryotes using environmental RNA sequencing. Focusing on 
surface waters, we found that alpha diversity estimates for nano- and 
pico-sized eukaryotes decreased with increasing latitude, consistent 
with prior DNA-based sequencing studies (Ibarbalz et al., 2019). Our 
study found no evidence of decreasing trends in the micro-sized fraction 
toward the Arctic pole, consistent with a previous study using samples 
taken along a Pacific transect (Moss et al., 2020). It is worth noting that 
the samples included in this study did not include any from the tropical 
region. Thus, estimations of the alpha diversity of microeukaryotes in 
the tropical ocean require more investigation. It has been suggested that 
patterns of diversity along the latitudinal gradient may be dependent on 
spatial scale and taxonomic hierarchy (i.e., different groups of marine 
microorganisms may respond differently to the latitudinal changes) and 
may even be seasonal dependent (Ladau et al., 2013). The results may be 
biased by the heterogeneous datasets, such as meta-analyses based on 
samples taken from different ocean regions, different season-
s/expeditions, or targeted groups of marine microorganisms, or even 

Fig. 4. Bray Curtis dissimilarity clustering of size fractionated microeukaryotes of Leg-A (orange), Leg-B surface (purple), and Leg-B SCM (blue) waters, respectively. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. Variations in sequence proportions (upper) and ZOTU richness (lower) of size fractionated microeukaryotes.  
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different sources of nucleic acid (DNA vs. RNA). Thus, future interna-
tional collaborations based on large-scale, seasonal sampling, and mul-
tiple approaches will shed further insight on the LDG of various 
microbial groups. 

4.2. Latitudinal variation in the composition of the active microeukaryote 
assemblages 

Early research has emphasized the importance of water masses in 
determining the distribution of microeukaryotes (Yang et al., 2020; Sun 
et al., 2020, 2021; Gu et al., 2021). The sampling area in this study 
covers the East Sea of Korea, the northwest Pacific Ocean, the Bering 

Sea, and the Arctic Ocean. Stations A1-A4 were primarily influenced by 
a branch of the Kuroshio Current, which brings warm, nutrient-depleted 
water from the north equatorial region, as indicated by the relatively 
low Chl a concentration. Stations A7-A18 are mainly affected by the 
mixing of the cold Oyashio Current and the Kuroshio Current (Hunt 
et al., 2016). The Oyashio Current is rich in nutrients and biologically 
productive, as shown by the relatively high Chl a concentration 
(Figure S1) and the high relative sequence abundance of diatoms 
observed (Figure S6B). A19-B10 were mostly influenced by warm waters 
from the northern Pacific Ocean, including the Alaskan Coastal Current 
(Hunt et al., 2016). The complex water masses and mixing of multiple 
water masses within the sampling area may help explain the sharp shifts 
of the microeukaryote communities observed, particularly those in 
Leg-A (Fig. 3, S6). 

Latitudinal variation in the composition of the active microeukaryote 
assemblage was observed. Both PCoA plots using Bray Curtis dissimi-
larities and the Unweighted Unifrac metric showed that Leg-A, Leg-B 
surface, and Leg-B SCM harbored distinct communities (Fig. 3). Previous 
studies have shown clear distinctions in microeukaryote communities 
found within and outside of the Arctic Ocean, as well as between surface 
and SCM waters in the Arctic Ocean (Bachy et al., 2011; Lovejoy and 
Potvin, 2011; Monier et al., 2013; Sun et al., 2022). Metazoa, primarily 
represented by Arthropoda, were major contributors to the micro-sized 
fraction, and their contribution to total sequences decreased toward the 
Arctic pole (Fig. 5). The predominance of Arthropoda-affiliated se-
quences in the micro-rather than nano/pico-sized fractions was ex-
pected, as arthropods were key components of microzooplankton 
(Matsuno et al., 2012). Additionally, our study showed that using 
RNA-based sequencing to conduct protistan surveys might help reduce 
the interference caused by metazoan sequences (Xu et al., 2017). 
Focusing on surface water, the proportion of Bacillariophyta (Dia-
tom)-affiliated sequences generally increased toward the Arctic, for both 
the micro- and nano-sized eukaryotes. Diatoms have been identified as 
the main phytoplankton group during Arctic spring blooms and have 
been shown to serve a critical role as primary producers in high latitude 
marine ecosystems, both in sea ice and seawater (Lovejoy et al., 2002; 
Vaquer-Sunyer et al., 2013). Most diatom species described to date have 
been found in the micro- and nano-sized fractions (Katsuki et al., 2009; 
Zheng et al., 2011). Ciliophora, mainly represented by Spirotrichea, was 
the dominant group and contributed increasingly to each of the three 
size fractions as latitude increased (Fig. 5). Spirotrichea is primarily 
comprised of aloricate oligotrichs, which are the primary herbivores in 
planktonic food webs (Montagnes and Lynn, 1991). In the open ocean, 
they often consisted of small (sometimes <20 μm) Strombidium, Strobi-
lidium, Leegardiella, and other species. (Montagnes and Lynn, 1991; 

Table 2 
Simple and partial Mantel tests for the correlations between environmental 
factors and microeukaryote communities.   

Mantel Test 

Environmental 
factors 

Micro  Nano  Pico   

R p R p R p 
Latitude 0.568 0.001 0.468 0.001 0.366 0.001 
Longitude 0.068 0.054 0.035 0.268 0.066 0.053 
Temperature 0.611 0.001 0.526 0.001 0.416 0.001 
Salinity 0.160 0.007 0.285 0.002 0.056 0.176 
Chl a, total 0.044 0.216 − 0.061 0.736 0.094 0.073 
Chl a (>20 μm) 0.142 0.019 − 0.188 0.974 0.090 0.102 
Chl a (2–20 μm) 0.007 0.548 0.093 0.105 0.142 0.009 
Chl a (<2 μm) 0.025 0.297 0.210 0.007 0.268 0.002  

Partial Mantel Test (control for latitude) 
Environmental 

factors 
Micro  Nano  Pico   

R p R p R p 
Longitude − 0.122 1 − 0.049 0.811 − 0.024 0.711 
Temperature 0.283 0.001 0.277 0.001 0.213 0.001 
Salinity 0.011 0.405 0.210 0.010 − 0.047 0.753 
Chl a, total 0.062 0.128 − 0.016 0.554 0.127 0.029 
Chl a (>20 μm) 0.207 0.002 − 0.141 0.934 0.138 0.039 
Chl a (2–20 μm) − 0.029 0.678 0.111 0.081 0.149 0.006 
Chl a (<2 μm) − 0.002 0.522 0.205 0.007 0.266 0.001  

Partial Mantel Test (control for temperature) 
Environmental 

factors 
Micro  Nano  Pico   

R p R p R p 
Latitude 0.071 0.061 − 0.052 0.859 − 0.023 0.706 
Longitude 0.021 0.682 − 0.024 0.639 0.017 0.319 
Salinity − 0.030 0.687 0.203 0.014 − 0.069 0.879 
Chl a, total 0.015 0.375 − 0.014 0.556 0.117 0.029 
Chl a (>20 μm) 0.173 0.004 − 0.132 0.899 0.128 0.058 
Chl a (2–20 μm) − 0.048 0.831 0.108 0.090 0.150 0.007 
Chl a (<2 μm) − 0.042 0.824 0.171 0.021 0.258 0.001  

Fig. 6. Variations in sequence proportions and ZOTU richness of different functional groups.  
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Fig. 7. The co-occurrence patterns among ZOTUs in Leg-A, Leg-B surface, and Leg-B SCM by network analysis. The nodes were colored according to taxonomic (A), 
functional (B) identities, and modularity classes (C). 
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Sherr et al., 2013; Sun et al., 2019; Huang et al., 2021). Small spirotrichs 
were previously shown to be important components of the Arctic 
microzooplankton community and to be active grazers of phyto-
plankton, including diatoms (Sherr et al., 2003, 2013; Stoecker et al., 
2014; Jiang et al., 2015; Xu et al., 2018b). Except for heterotrophic 
ciliates, mixotrophic spirotrichs (e.g., Laboea strobila) have been re-
ported to dominate ciliate assemblages in the Arctic, contributing 
significantly to primary production (Stoecker and Lavrentyev, 2018). 
The contributions of ciliate-affiliated sequences in the SCM were lower 
than those in the Leg-B surface but comparable to those in Leg-A, 
consistent with a previous report that mixotrophic ciliates were also 
significant contributors to Chl a in the SCM (Franzè and Lavrentyev, 
2017). The higher proportions of ciliate-affiliated sequences at the sur-
face than at the SCM depth in Leg-B were also consistent with a previous 
report based on an RNA survey showing a rise in the relative abundance 
of ciliate-affiliated sequences in the surface waters beginning in early 
June (Onda et al., 2017). The increasing contribution of spirotrichs to 
our dataset along the transect indicated that they were also transcrip-
tionally active, which corroborated prior findings indicating ciliates 
were major players in the microbial food web of the Arctic Ocean (Sherr 
et al., 2003). 

Previous studies employing microscopy observations revealed that 
dinoflagellates predominate in the Arctic during summer (Booth and 
Horner, 1997; Gradinger, 1999; Olli et al., 2007). This study found that 
Dinophyceae-affiliated sequences were more numerous in the SCM than 
in the surface waters in all three size fractions (Fig. 5), which is 
consistent with a previous report showing that the proportions of 
dinoflagellate-affiliated sequences increased in the SCM, compared to 
the surface waters (Onda et al., 2017). Using DNA-based clone library 
sequencing, one study showed that the contribution of Dinokaryota to 
deep waters increases during polar nights (Bachy et al., 2011). 

Bacillariophyta predominated over dinoflagellates in both the surface 
water and SCM of the Arctic, consistent with a previous study (Crawford 
et al., 2018). 

Haptophyta, mainly Prymnesiophyceae, were the dominant group in 
both the nano- and pico-sized fractions of the Leg-A samples, with their 
contribution to the total sequence counts averaging ca. 12% in the pico- 
sized fraction (Fig. 5). Prymnesiophyceae are abundant in marine en-
vironments and often dominate the eukaryotic phytoplankton pigment 
pool in temperate/tropical/subtropical waters (Liu et al., 2009; Xu et al., 
2018a). Many Prymnesiophyceae species are found in pico- and 
nano-sized fractions, and their ability to participate in both phototrophy 
and phagotrophy is thought to give them and advantage over other 
obligate phagotrophs/phototrophs (Liu et al., 2009; Unrein et al., 2014). 
For example, in some Chrysochromulina species, feeding can enhance 
growth at low irradiance (Hansen and Hjorth, 2002). Our study found 
Phaeocystis, Chrysochromulina, Prymnesium, and the unidentified Prym-
nesiales in surface and SCM waters, which is consistent with a previous 
survey of Haptophyta along a Pacific transect (Endo et al., 2018). During 
the Arctic spring bloom, Phaeocystis accounted for more than 95% of all 
plankton cells (Vernet, 1991). Although members of Phaeocystis have 
not been shown to be phagotrophic, they have been proposed to 
contribute substantially to primary production, food source of meta-
zoans, vertical carbon flux, and trace metal cycles in polar waters, 
including manganese, zinc, iron, and copper (Davidson and Marchant, 
1987; Lubbers et al., 1990; Marchant and Thomsen, 1994). 

Notably, MAST-affiliated sequences represented ca. 13.5% of all 
pico-sized eukaryotes in Leg-B surface waters, more than double the 
proportion seen in Leg-B SCM waters (ca. 6.5%) (Fig. 5). MASTs are 
widespread in the Arctic Ocean, where they act as active grazers of 
bacterial grazers and recycle carbon in the water column, as identified 
by sequencing and FISH approaches (Lovejoy et al., 2006; Comeau et al., 
2011; Terrado et al., 2011; Monier et al., 2013; Thaler and Lovejoy, 
2014). Using DNA environmental sequencing, previous studies have 
shown that MAST-affiliated sequences contribute more to the SCM than 
to Arctic surface waters, which is consistent with the current study 
(Monier et al., 2013). 

4.3. Co-occurrence networks of the active microeukaryotes 

The co-occurrence patterns of active microeukaryotes were explored 
in this work spanning a ca. 5000 km transect. The findings indicate that 
the co-occurrence networks of microeukaryotes in Leg-A, Leg-B surface, 
and Leg-B SCM groups have distinct compositions and structures 
(Fig. 7). The degree value was proposed to be a local quantification 
feature showing the number of direct co-occurrence interactions for a 
specific ZOTU (Greenblum et al., 2012). Significantly higher degree 
values were found in the Leg-A than in the Leg-B surface and Leg-B SCM 
networks, indicating that microeukaryotes outside the Arctic Ocean may 
have stronger correlations than those inside. Niche differentiation is one 
possibility for the observed network topological difference. The more 
geographically constrained sampling area in the Arctic Ocean may result 
in a more homogeneous ecosystem, causing weak niche differentiation. 
The weak niche differentiation may result in stronger interactions be-
tween microorganisms and increased competition, as shown by the 
presence of higher negative correlations in Leg-B surface and Leg-B SCM 
networks (Table S5). In comparison to the Arctic Ocean, the drastic 
environmental changes along the transect from the East Sea of Korea to 
the Bering Strait may result in higher niche differentiation. The high 
niche differentiation may avoid competition and allow the microor-
ganisms to coexist within the same community (Ma et al., 2016; 
Mikhailov et al., 2019). Indeed, ca. 96.97% of correlations in the Leg-A 
network were positive, significantly higher than the correlations in the 
Leg-B surface and Leg-B SCM networks (ca. 91.13% and 86.74%, 
respectively) (Table S4). 

The Leg-A network showed a large number of positive correlations 
among key microeukaryote groups, whereas the Leg-B surface and Leg-B 

Fig. 8. Partition of community assembly process of the size-fractionated 
microeukaryotes. 
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SCM networks did not (Table S5). For example, ca. 96.27% of correla-
tions between Bacillariophyta and Spirotrichea were positive in the Leg- 
A network, whereas the Leg-B surface and Leg-B SCM networks had 
substantially lower correlations (ca. 55.99% and 66.10%, respectively). 
Bacillariophyta mainly consisted of phototrophic species, while species 
affiliated with Spirotrichea, such as Strombidium spp., Loboea strobila, 
and Tontonia spp., were capable of mixotrophy (Johnson and Beaudoin, 
2019). The low positive correlations found between Bacillariophyta and 
Spirotrichea in the Arctic Ocean may imply that they may compete for 
resources, such as nutrients for growth. Indeed, mixotrophic spirotrichs 
have been repeatedly reported to be significant contributors to Arctic 
Ocean Chl a stocks as well as grazers of pico- and nano-sized phyto-
plankton (Putt, 1990; Sherr et al., 2013; Franzè and Lavrentyev, 2017). 
Cercozoa have previously been reported as a large protozoan group 
found in soil, freshwater, and marine environments (Bass and 
Cavalier-Smith, 2004). Members of this group may act as diatom and 
dinoflagellate parasites as well as grazers (Tillmann et al., 1999; Schnepf 
and Kuhn, 2000; Genitsaris et al., 2015). However, in this study, the 
correlations between cercozoan and diatom/dinoflagellate were mostly 
positive, indicating that cercozoans were probably not grazing/parasi-
tizing on diatoms/dinoflagellates (Table S5). Interestingly, the negative 
correlations between Cercozoa and Spirotrichea increased in the Arctic 
Ocean, which may imply that they were competing for food with spi-
rotrich ciliates, such as bacteria and nanoflagellates. 

5. Conclusions 

Based on a latitudinal transect sample collection from the Northwest 
Pacific Ocean to the central Arctic Ocean, we explored the diversity, 
community composition, and co-occurrence relationships of micro-
eukaryote assemblages using environmental RNA extracts, followed by 
high throughput sequencing on the V4 regions of the reverse transcribed 
SSU rRNA gene. We found a latitudinal diversity gradient (LDG) for both 
nano- and pico-sized microeukaryotes, but not for the micro-sized 
fraction. The community composition and co-occurrence relationships 
of microeukaryotes were found to be distinct across stations outside and 
inside the Arctic Ocean, as well as between stations in the surface and 
subsurface chlorophyll maximum waters of the Arctic Ocean. Water 
temperature was identified as the most influential environmental factor 
shaping the alpha diversity estimates for nano- and pico-sized eukary-
otes, as well as the top factor driving community composition in all three 
fractions. The microeukaryote community was primarily driven by 
dispersal limitation for all three size fractions. 
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