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The northeastern East China Sea is an ecologically important marine ecosystem influenced by warm water derived from the Kuroshio Current. However, relatively little is known about the spatial variation of protist communities and their regulating factors from this region’s ecosystem during the spring season. Here, we investigated protistan community structures using a complementary approach combining 18S rRNA gene amplicon sequencing and light microscopy cell counts at nine stations from the northeastern East China Sea to the west of Jeju Island. The vertical profiles of physicochemical properties revealed that the Jeju Warm Current water mass, flowing from the southeast towards the northwest, created a thermohaline front dividing the region in two. These two regions had similar planktonic biomass, but the protistan communities differed significantly: dinoflagellates accounted for higher proportions of the protistan communities in the warm and saline waters, particularly at stations E35, E44, and E45, while the relative abundances of diatoms and picochlorophytes were higher in the low-density water of the western stations (E32 and E42). Furthermore, higher species richness and Shannon Diversity Index values in the warm and saline waters suggests that the Jeju Warm Current, a branch of the Kuroshio, increases protistan taxonomic diversity in the northeastern East China Sea during the late spring. Seed populations of harmful algal bloom-causing species were discovered in the warm and saline water originating from the Kuroshio, which is particularly important as it indicates that these waters could introduce harmful species that may spread to the Yellow Sea and Korea Strait. Taken together, the study suggests that potential changes to the current systems in the region could dramatically alter the structure of its protistan community.
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1 Introduction

The northeastern East China Sea is a marginal sea within the Pacific Ocean located to the east of China and west of Japan and bordered by Korea to the north. The region has been known to be characterized by its complex system of water masses that are influenced by several factors, including the inflow of water from the Pacific Ocean, the discharge of freshwater from surrounding rivers, and seasonal fluctuations in temperature and salinity (Lie et al., 2000; Lie et al., 2015; Kang and Moon, 2022). One of the main water masses in the northeastern East China Sea is a branch of the Kuroshio Current, the Jeju Warm Current, which transports warm, nutrient-poor water, creating a distinct biogeographic region that provides habitat to a diverse array of marine life (Choi et al., 2008). Moreover, the water flow through this region is of great importance as it can extend to the coastal regions of the Korea Strait and Yellow Sea, leading to potentially significant problems such as the introduction of invasive species and pollution issues (Kwon et al., 2019; Lee and Park, 2022).

Although many aspects of the water mass system of the northeastern East China Sea are understood, planktonic community structures and their relationship to water characteristics have not been well studied (e.g., Shim and Park, 1984; Park et al., 2017; Sun et al., 2022). For example, remote sensing data has provided a relatively good understanding of how chlorophyll-a (Chl-a) concentrations, which are an indicator of phytoplankton biomass, fluctuate in response to water mass dynamics in the region (Kim et al., 2009; Yamaguchi et al., 2013). However, little is known about how the dynamics of these protistan community structures are affected despite their functional significance as potential determinants of food availability for higher trophic levels in marine ecosystems (Fukami et al., 1999; Zamora-Terol et al., 2020). In particular, late spring is a seasonally crucial phase for protists in the northeastern East China Sea because it is a period when the volume of water transported by the branch of the Kuroshio is still large and thus could flow towards the nearby coastal regions, potentially initiating the summer coastal blooms (Lie et al., 2000; Pang et al., 2003; Ahn et al., 2006). Thus, understanding the structures of protistan communities during this period is especially important.

Identifying protistan species can be an arduous task due to cell fragility, morphological variations, and relatively poorly known taxonomic information (Anderson and Menden-Deuer, 2017; Sherr and Sherr, 2018). However, with the development of various observational technologies, specific analyses of community structure have been actively conducted in recent years (Olson and Sosik, 2007; Lombard et al., 2019; Jang et al., 2022). One way to investigate taxonomic composition, relative species abundance, and spatiotemporal distribution in planktonic communities is DNA metabarcoding, which can be achieved by sequencing a short DNA region at a reasonable cost (Cuvelier et al., 2010; De Vargas et al., 2015; Abad et al., 2016; Jang, 2022). Moreover, the high sensitivity of this technique allows for the detection of rare taxa and identification of cryptic species that are typically overlooked by conventional microscopy observations because they are either too small or fragile (De Vargas et al., 2015; Abad et al., 2016). In this study, DNA metabarcoding complemented by microscopic examination was used to analyze the protistan communities present in the waters of the northeastern East China Sea. There were two primary objectives of this study. First, to investigate how oceanographic variables were impacted by the water mass features in the northeastern East China Sea during late spring. Second, to comprehend how these variables influenced the compositions and spatiotemporal distribution of planktonic protistan assemblages in the region.




2 Materials and methods



2.1 Study area and sample collection

The research cruise (R/V Saedongbaek, Chonnam National University) was conducted throughout the northeastern East China Sea from 33 to 34°N and 125 to 127°E from May 16th to May 18th, 2022 (Figure 1). The survey period fell within the typical warming season when the northeastern East China Sea is affected by the cool, less saline Mixed Shelf Water (MSW) in the northwest and the warm, saline Jeju Warm Current Water (JWCW) in the southeast (Guo et al., 2003; Park et al., 2017; Che and Zhang, 2018; Kang and Moon, 2022; Figure 1B). The surveyed stations were grouped into two distinct regions based on the observed data and defined by water mass characteristics (i.e., temperature-salinity profiles): a western region dominated by MSW and an eastern region affected by JWCW (See the Results section 3.2 for details).




Figure 1 | (A) Map of the study region (black rectangular box) along with the major surface oceanographic currents (colored vectors) based on Park et al. (2017) (JWC, Jeju Warm Current; TWC, Tsushima Warm Current; CDW, Changjiang Diluted Water). (B) Locations of sampling stations in the northeastern East China Sea. Blue circles indicate the stations in the Mixed Shelf Water (MSW) region, and red circles indicate the stations in the Jeju Warm Current Water (JWCW) region.



Conductivity-temperature-depth (CTD) profiles were obtained at 23 stations, and for biological and chemical measurements, seawater samples were collected at 4 depths—the surface (2 m), Deep Chlorophyll Maximum (DCM) layer, middle, and bottom water depths—at 9 stations using Niskin bottles mounted on the CTD rosette. The water depths were determined based on the CTD profiles obtained in situ. Raw water samples were pre-filtered through a 200 µm nylon sieve to eliminate the potential interference of larger plankton before being divided into samples for nutrient and particulate carbon and molecular analyses. Subsequently, we used a portable microscope (TBL-1500S, TOPEX, Korea) to visually assess the possibility of protist particles larger than 200 µm becoming trapped in the filters, but no chain-forming cells or cell aggregation was observed, likely due to the low cell abundances in the offshore waters. A 2 L sample for 18S rRNA gene sequencing and a 0.6 L sample for cell counts, preserved in Lugol’s iodine solution (final concentration of 2%), was collected from each sampling. Initially, we obtained triplicate samples for cell counting, but low cell abundances were observed in the offshore samples. To compensate for the insufficient quantity of biomass, the triplicate samples were pooled into one before the cell identification analysis was conducted. DNA and biochemical samples were frozen at -20°C, and the Lugol’s solution-fixed protist samples were stored in the dark at 4°C until further analysis.




2.2 Analyses of seawater properties

Macronutrient levels for nitrate + nitrite (NO3 + NO2), ammonium (NH4), phosphate (PO4), and silicic acid (Si[OH]4) were measured using a nutrient auto-analyzer (New QuAAtro39, SEAL Analytical, UK). A total of 15 mL of seawater for each sample was filtered through 0.7 µm GF/F filters (25 mm, Whatman Inc., Florham Park, NJ, USA) using acid-washed syringes into polypropylene Falcon™ tubes. Reference standards for each nutrient were run for quality control purposes.

Samples for particulate organic carbon (POC) were collected in 1 L HDPE bottles (Nalgene, Rochester, New York) and frozen until analysis. The samples were passed through 0.7 µm GF/F filters and the resulting filter papers were dried at 50°C for 12 h to remove any moisture. After that, acid fumigation was conducted with HCl for 12 h in a desiccator to remove inorganic carbon, and POC was measured using a Thermo Scientific Flash 2000 element analyzer.

Chlorophyll fluorescence measurements were made using a CTD equipped with a fluorescence sensor (WET Labs ECO-AFL/FL). The conversion of measured chlorophyll fluorescence to Chl-a concentration was based on linear regression using hundreds of discrete samples collected from the same study area (unpublished data).

The depths of the thermocline layers were determined by examining temperature and salinity profiles. All CTD casts were calibrated using SeaBird’s SeaSoft software.




2.3 Satellite data

Sea surface temperature (°C; SST) data, derived from satellites, were acquired at a 0.01° grid resolution from the Multi-scale Ultra-high Resolution (MUR) SST. Additionally, Chl-a (µg L-1), and POC (µg L-1) data were obtained at of 0.025° and 0.04° grid resolutions, respectively, from the MODerate-resolution Imaging Spectroradiometer (MODIS) on board the National Aeronautics and Space Agency’s Aqua satellite. Daily average sea surface temperature and 8-day averaged Chl-a and POC measurements were collected to reflect changing hydrologic conditions of the northeastern East China Sea during the survey and before the survey period. These data were retrieved from the NOAA CoastWatch Browser and are presented using MATLAB software.




2.4 DNA extraction, amplicon sequencing, and sequence analysis

The metabarcoding analyses were performed on DCM-layer samples. Two liters of the pre-filtered seawater was filtered under gentle vacuum pressure (< 100 mmHg) through 0.45 µm membrane filters (47 mm, Whatman). For DNA extraction, filters were extracted using the DNeasyPowerSoil Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions with an initial bead-beating step. Extracted DNA was quantified on a Qubit fluorometer using Quant-IT PicoGreen (Invitrogen) and stored at -20°C prior to polymerase chain reaction (PCR).

The sequencing libraries were prepared according to the Illumina Metagenomic Sequencing Library protocols for amplifying the target gene (San Diego, CA, USA). The input gDNA (2ng) was PCR-amplified with 500 nM each of the universal forward (TAReuk454FWD1; 5’- CCAGCASCYGCGGTAATTCC-3’) and reverse (V4 18S Next.Rev; 5’- ACTTTCGTTCTTGATYRATGA-3’) primers targeting the V4 region of the 18S rRNA gene (Stoeck et al., 2010; Piredda et al., 2017). Samples were amplified using Herculase II fusion DNA polymerase (Agilent Technologies, Santa Clara, CA) in a 5× reaction buffer, 1 mM dNTP mix. The thermocycler conditions for the 1st PCR were 3 min at 95°C, followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 65°C for 60 s, and extension at 72°C for 90 s. The products were cleaned using AMPure beads (Agencourt Bioscience, Beverly, MA). After purification, 2 µL of each first PCR product was amplified again for the final library construction using NexteraXT Indexed Primers. The thermocycler conditions for the 2nd PCR were 3 min at 95°C; 10 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C; and a final 5 min step at 72°C. Products were purified with the AMPure beads.

The final purified product was then quantified using qPCR following the qPCR Quantification Protocol Guide (KAPA Library Quantification kits for Illumina Sequencing platforms) and qualified using a TapeStation D1000 ScreenTape system (Agilent Technologies, Waldbronn, Germany). Paired-end (2×300 bp) sequencing was performed at Macrogen (Seoul, South Korea) in a single lane of the Illumina MiSeq platform (Illumina, San Diego, USA).

The raw read sequences were deposited in the NCBI Short Read Archive (PRJNA945263). The sequencing output was demultiplexed using tools from QIIME 1.9.1 and Cutadapt 3.2 and then analyzed using the QIIME 1.9 software pipeline (Martin, 2011; Bolyen et al., 2019). The produced reads were trimmed, assembled, and quality controlled. Demultiplexed paired-end reads were denoised, paired ends were joined, and chimeras were removed with DADA2 software (Callahan et al., 2016). Joined sequences were clustered into amplicon sequence variants (ASVs). In order to eliminate potential biases due to sampling depth, the sequencing pool was randomly subsampled ten times using the “multiple_rarefactions_even_depth.py” script in QIIME. The resulting ASV tables were merged prior to conducting further analyses. Taxonomic assignment of these ASVs was carried out against the PR2 4.14.0 database with the default parameters (Guillou et al., 2012). All ASVs assigned to metazoans were removed from the analyses.




2.5 Cell identification and abundance

Light microscopy was used for the identification and enumeration of protistan species in the investigated samples. For microscopic cell counts, 600 mL subsamples preserved in Lugol’s solution were concentrated 5–10 folds using the 2-d settlement method. After being thoroughly mixed, all or a minimum of 300 total observed cells in three to five 1-mL Sedgwick-Rafter counting chambers were counted at 100× and/or 200× magnification.




2.6 Statistical analyses

To test the statistical significance of differences in oceanographic variables and gene read-based protistan taxa between the stations in the MSW and JWCW regions, t-tests were conducted using the statistical software package SPSS ver. 27.0 (IBM Corp., Armonk, NY, USA). A non-metric multidimensional scaling (NMDS) analysis was conducted to visualize pairwise dissimilarities between communities across the sampling stations. To represent the impact of oceanographic variables on spatial patterns in protistan communities, environmental factors were fitted onto the NMDS ordination using the “envfit” function. In order to determine whether the differences observed between the MSW and JWCW regions were statistically significant, a one-way analysis of similarities (ANOSIM) test was utilized. The “vegan” package in R v4.1.2 was utilized for both the NMDS and ANOSIM analyses.





3 Results



3.1 Temporal distribution of physical and biochemical properties

In the satellite-derived data, collected over a period beginning about four weeks prior to our cruise, SSTs displayed warm water masses moving northwest near Jeju Island (Figures 2A–C) and a clear regional contrast between the MSW and the JWCW regions (Figure 2C) during the data collection period. Both surface concentrations of chlorophyll-a (Chl-a) and particulate organic carbon (POC), as observed by satellite remote sensing, were generally increasing toward the northwest in a pattern consistent with but opposite that of the SST data in the study area (Figures 2D–I). Additionally, in mid-April, about four weeks prior to our cruise, the Chl-a data indicated that a spring bloom (defined by a threshold concentration of more than 5 µg L-1) occurred in the northeastern East China Sea region (Figure 2D). When comparing the seasonal changes in SSTs and Chl-a and POC concentrations, clear regional contrasts in SSTs between the MSW and the JWCW regions were observed throughout the year, except for in mid-winter and mid-summer (Supplementary Figure 1). Clear regional contrasts in Chl-a and POC concentrations were also observed between the two regions but were more seasonally dependent, with the most pronounced differences occurring in the periods immediately preceding and following winter. The inferred planktonic biomass within these regions was highest during the spring season (March-April) and exhibited a seasonal pattern, increasing again during autumn (after September).




Figure 2 | Temporal distribution of (A–C) sea surface temperatures (SSTs, °C), (D–F) chlorophyll-a (Chl-a, µg L-1), and (G–I) particulate organic carbon (POC, µg L-1) concentrations derived from remote sensing before and during the survey period. The data for (A, D, G) were obtained on April 19th; for (B, E, H) on May 3rd; and for (C, F, I) on May 17th (i.e., the survey period).






3.2 Spatial and vertical distribution of oceanographic properties

The spatial and vertical distribution of physical water characteristics during the field observation period is illustrated by the temperature and salinity information (Figure 3). The T-S diagram displays a thermohaline front between the southeast (i.e., E35, E45, and E46) and the northwest (i.e., E32, E33, and E42) stations consistent with a direct influence of warm and saline water masses (Figure 3A). Specifically, a strong temperature inversion occurred in the frontal boundary near stations E34 and E43. Furthermore, the spatial temperature and salinity distributions at the 5 m depth showed the effect of a warm water mass originating from the JWCW (Figures 3B, C).




Figure 3 | Spatial and vertical distribution of physical water characteristics in the northeastern East China Sea, surveyed from May 16–18th, 2022. (A) A temperature-salinity diagram. Each circle dot above the colored line represents the deep chlorophyll maximum layer at which DNA sampling was conducted. The background contour lines represent the water density (kg/m3). Survey stations were classified into water mass groups based on the similarity of their water characteristics: Mixed Shelf Water (MSW) and Jeju Warm Current Water (JWCW) regions. Spatial distributions of (B) temperature and (C) salinity based on values measured at 23 stations.



Using the spatial classifications defined according to the water mass characteristics, the mean water temperatures of the surface and DCM layers in the JWCW region were significantly higher than those in the MSW region (t-tests, both p < 0.05; Figure 4). The temperatures of the surface and DCM layers in the JWCW region were 17.2°C and 15.9°C, respectively, while those in the MSW region were 16.3°C and 11.8°C, respectively. Similarly, the mean salinities of the surface and DCM layers in the JWCW region were significantly higher than those in the MSW region (t-tests, both p < 0.05).




Figure 4 | Vertical distribution of temperature (upper axis, closed circles, °C) and nitrate + nitrite concentrations (lower axis, open squares, µM) at the nine investigated stations. The y-axis indicates the depth (m), and the solid lines represent the thermocline layers.



Mean concentrations of individual nutrients, including NO3 + NO2, NH4, PO4, and Si[OH]4, were not remarkably different between the MSW and JWCW regions (Table 1). However, the average Si:P and Si:N ratios in the surface and DCM layers of the MSW region were generally greater than those in the JWCW region. In particular, the comparison of Si:P ratios in both the surface and DCM layers was close to statistical significance (t-test, both p < 0.06), indicating a relatively greater nutrient imbalance in the MSW region. Notably, the N:P ratios in the surface and DCM layers were not different between the two regions.


Table 1 | Concentrations of dissolved inorganic nutrients (µM)—nitrate + nitrite (NO2 + NO3), ammonium (NH4), silicate (Si[OH]4), and phosphate (PO4)—and organic biomass estimates using particulate organic carbon (POC, µg L-1) and chlorophyll fluorescence (Chl-a, µg L-1) in the vertical layers at stations affected by the cool and less saline Mixed Shelf Water (MSW) in the northwest and the warm and saline Jeju Warm Current Water (JWCW) in the southeast regions during the period of May 16–18th, 2022 (DL, detection limit; na, not available).



In the vertical analysis of water characteristics, the mean depth of the DCM layer in the MSW (24.7 ± 5.9 m) was slightly shallower than that in the JWCW region (30.2 ± 3.4 m; t-test, p < 0.06), but the mean depths of the thermocline layers were similar in the MSW (18.4 ± 5.9 m) and JWCW (26.7 ± 3.4 m) regions (t-test, p > 0.1; Figure 4 and Table 1). The average water temperature difference between the surface layer and the DCM layer was 4.2°C and 1.8°C in the MSW and JWCW regions, respectively, indicating a relatively stronger degree of stratification in the former (t-test, p < 0.05). The average nitrate + nitrite concentrations in the surface and DCM layers in the MSW region were 0.52 µM and 3.9 µM, respectively, while the difference in the average nitrate + nitrite concentrations between the surface (0.76 µM) and the DCM (2.89 µM) layers in the JWCW region was slightly smaller.




3.3 Spatial and vertical distribution of biological properties

The concentrations of Chl-a in the surface layer at stations within the MSW regions ranged from 0.171 to 0.337 µg L-1 and were not significantly different from those of the JWCW region, which ranged from 0.14 to 0.619 µg L-1 (Table 1). Similarly, Chl-a concentrations at the depth of the DCM layers did not differ between the MSW (1.604–2.414 µg L-1) and the JWCW (1.256–2.252 µg L-1) regions. Furthermore, the concentrations of POC in the surface and DCM layers of the MSW region ranged from 21.5 to 28.7 and 24.5 to 29.8 µg L-1, respectively, and those in the JWCW region ranged from 20.8 to 43.7 and 24.4 to 38.6 µg L-1, respectively, showing no significant difference. While there was no difference between the two regions in POC:Chl-a ratios, which serve as an indicator of the relative amount of phytoplankton in the total particulate organic matter, the average values observed in the DCM layer were noticeably lower than those observed at other depths.




3.4 Protistan community structures

To understand the taxonomic structures of the protistan communities, DNA metabarcoding and cell count data collected at the depth of DCM layers were analyzed (Figure 5 and Table 2). We obtained an average of 81,351 reads (SD = 5,236) per station from the 18S rRNA gene sequencing. When the samples were normalized, the number of reads and ASVs per station were 45,898 and 1,486, respectively. Overall, 1,486 ASVs were annotated, comprising 47 classes, 78 orders, 167 families, and 244 species (Supplementary Table 1). Taxonomic assignment inferred from the V4 region of the 18S rRNA amplicon sequencing revealed the relative dominance of Syndiniales across both regions (Figure 5A). Dinoflagellata was the second most abundant group in the JWCW region (33 ± 7% of protistan reads), almost comparable to Syndiniales, while their relative abundance in the MSW region was comparatively small (19 ± 7%). Chlorophyta, consisting mostly of picoeukaryotic taxa, accounted for higher proportions of reads in the MSW region (20 ± 13%) than in the JWCW region (2 ± 1%). In addition, although the relative abundance of Cryptophyta was not remarkable, they were ubiquitous in the study region, showing a slightly higher tendency in the MSW region, and Ochrophyta, which is mostly composed of diatoms, showed a noticeable abundance at station E32 in the MSW region.




Figure 5 | Protistan communities, grouped into higher ranked taxonomic groups, at the stations within the Mixed Shelf Water (MSW) and Jeju Warm Current Water (JWCW) regions, based on 18S ribosomal RNA gene amplicon sequencing data. (A) Relative abundances of taxa based on read counts. (B) Species richness based on the number of amplicon sequence variants (ASVs). (C) Box and whisker plots of alpha diversity, as expressed by the Shannon index.




Table 2 | Cell abundances (cells mL-1) of protistan taxa measured at stations located in the Mixed Shelf Water (MSW) and Jeju Warm Current Water (JWCW) regions during the period of May 16–18th, 2022.



The species richness at the whole protistan level, inferred by the number of ASVs, was significantly higher in the JWCW region than in the MSW region (t-test, p < 0.01, Figure 5B). Although the ASV richness for each taxonomic group accounted for similar proportions of the total richness as their relative abundances did in the taxonomic composition data, the ASV richness of taxa categorized as “Others” exhibited a higher proportion than would be expected based on their relative abundance. The Shannon index, based on the ASVs, revealed significantly higher diversity in the JWCW region (t-test, p < 0.01, Figure 5C). Also, after grouping the ASVs into the major taxonomic groups, all of the community diversity measures within these groups were higher in the JWCW region, with their mean values in the JWCW region in the descending order of Syndiniales, Dinoflagellata, Ciliophora, Chlorophyta, and Cryptophyta. In addition to the alpha diversity findings, the results of the beta diversity analysis, which were based on an NMDS conducted to compare the protistan ASV communities between the MSW and JWCW regions (Figure 6), showed stations clearly spatially clustered according to region. Furthermore, the NMDS revealed that ammonium and Chl-a concentrations and the Si:P ratio correlated more with the MSW region, whereas water density (i.e., temperature and salinity) and the POC:Chl-a ratio correlated more with the JWCW region. The ANOSIM analysis confirmed a significant dissimilarity in protistan communities between the two regions (R = 0.79; p < 0.05).




Figure 6 | Non-metric multidimensional scaling (NMDS) of the protistan communities in the northeastern East China Sea. Samples were classified based on the stations at which they were collected: Mixed Shelf Water (MSW, triangles) and Jeju Warm Current Water (JWCW, circles) region stations. Vectors depict the relative directions and magnitudes of various oceanographic variables’ contributions to the dissimilarities among samples. The NMDS (stress = 0.058) was conducted using protist composition data obtained from DNA metabarcoding (V4 region of 18S rRNA gene) sequencing reads.



Further quantification of the protistan taxa was conducted through the analysis of cell counts based on light microscopy (Table 2). In general, a high average cell abundance of Bacillariophyta (diatoms) was observed in the MSW region (27.5 ± 37.2 cells mL-1) while their average abundance was low in the JWCW region (1.8 ± 2.5 cells mL-1). The diatom species Corethron pennatum was present at an especially high cell density of 60.6 cells mL-1 at station E32 in the MSW region. In addition, Coscinodiscus sp. was only observed at the three stations in the MSW region. The average cell density of dinoflagellates in the MSW region was 5.8 ± 1.6 cells mL-1, and was relatively high, at 9.9 ± 6.5 cells mL-1, in the JWCW region. In particular, dinoflagellate species in the genus Gymnodinium were present with the highest cell densities throughout the surveyed stations, but species in the second most abundant genus, Gyrodinium, were present mainly at stations in the JWCW region. In addition, several dinoflagellate species were found at stations E44 and E45 in the JWCW region. The silicoflagellate Distephanus speculum var. octonarium was present at many stations in the JWCW region, and unidentified cryptophyte species were commonly present across most of the surveyed stations in both regions. Finally, many unidentified naked ciliate species were commonly distributed in the JWCW region, while only small-sized naked ciliates (< 50 µm) were found in the MSW region (Table 2).




3.5 Differential distribution of dinoflagellate ASVs between the two regions

To better understand the distribution of dinoflagellates, which account for a high proportion across the investigated stations, we further compared their communities between the stations in the MSW and JWCW regions. Out of the 354 ASVs identified across all the stations, 101 (29%) were present in both regions, whereas 37 (10%) and 216 (61%) ASVs were exclusively found in the MSW and JWCW regions, respectively (Supplementary Figure 3). Many ASVs were annotated as an unclear taxonomic group within the dinoflagellates (i.e., Dinophyceae_XXX_sp.). As noted, over half were exclusively found in a specific region (Supplementary Table 2). For example, Alexandrium spp., Amphidoma languida, Azadinium spp., Brachidinium capitatum, Ensiculifera imariensis, Erythropsidinium agile, Gonyaulax polygramma, Margalefidinium fulvescens, Warnowia sp., and Zooxanthella nutricula were species only identified at stations of the JWCW region. Of the seed populations of the dinoflagellates found in this study, several represented harmful species (Figure 7). Their relative abundances among stations and the read numbers present at each station indicated that these harmful species are mostly specific to the JWCW region.




Figure 7 | Harmful dinoflagellate species detected at the surveyed stations in the northeastern East China Sea in the late spring of 2022 (AZP, Azaspiracid shellfish poisoning; PSP, Paralytic shellfish poisoning). The heatmap is derived from the relative abundance data (%) of the metabarcoding analysis, with the numbers in parentheses indicating the actual numbers of sequencing reads recorded at each station.







4 Discussion



4.1 Oceanographic variability of the northeastern East China Sea in late spring

The northeastern East China Sea, especially to the west of Jeju Island, is affected by the JWCW throughout the year and shows a distinct seasonal change in water masses (Lie et al., 2000; Lie et al., 2015; Park et al., 2017; Kang and Moon, 2022). To reveal how the structures of the protistan communities of the northeastern East China Sea relate to water characteristics in the late spring season, we first investigated the spatial and vertical characteristics of the water masses that dynamically affect oceanographic variables in the region. During our survey period in mid-May 2022, the low salinity (~32 psu) of water observed at the westernmost stations is considered to be the effect of the Changjiang Diluted Water and Yellow Sea surface water, while the saline water (> 33.5 psu) at the eastern stations clearly appears to be affected by the Kuroshio branch current water, the JWCW (Lie et al., 2000; Yoo et al., 2023). While we have extensively investigated the water column in the spring season, the satellite-derived data and previous references suggest that this region has a stronger thermohaline front in the winter season that continued into our observation period (Lie, 1985; Lie et al., 2000; Lie et al., 2015). Furthermore, the water temperature inversion (i.e., a higher temperature at a deeper depth) observed during our survey has also been reported in the spring and summer seasons, and the formation of the thermohaline front is generally explained as one of the main reasons for this occurrence (Kim, 2020; Kang and Moon, 2022; Kim et al., 2022; Yoo et al., 2023). In addition, the monthly distributions of SSTs and Chl-a and POC concentrations derived from the satellite data revealed intricate seasonal changes in hydrographic conditions and the corresponding dynamics of planktonic biomass in the northeastern East China Sea. These findings suggest that it is necessary to conduct further research into future environmental changes and seasonal oceanographic variations with a focus on the MSW and JWCW regions.

The range of nutrient concentrations measured in our study generally overlapped with those of other studies observed in May in the same region during other years (Wang et al., 2003; Kim et al., 2006; Kim et al., 2009). However, considering the Redfield-Brzezinski ratios (i.e., C:Si:N:P = 106:15:16:1 from Redfield, 1934; Redfield, 1958, and Brzezinski, 1985), the relatively low absolute concentrations of N and P in the surface and DCM layers do not correspond with the high Si concentrations seen during the surveyed period. It is noteworthy that no significant deviations from the Redfield ratio were observed in the N:P ratios across all surveyed depth layers, indicating a deficiency of both N and P relative to Si in the northeastern East China Sea during the study period. Despite the East China Sea being generally recognized as a P-limited region (Wong et al., 1998; Huang et al., 2019), the investigated region did not reveal any deficiency in P compared to N. Water masses originating from Chinese rivers are known to significantly increase the N:P ratio (Wang et al., 2003; Huang et al., 2019). Furthermore, other studies have shown that the N:P ratio stabilizes rapidly as one moves away from the Chinese coast towards the northeastern region, particularly in dry (i.e., non-summer) seasons (Wang et al., 2003; Kim et al., 2006). Additionally, the higher ratios of Si:N and Si:P in the MSW region suggest a greater nutrient imbalance than in the JWCW region, which may be attributed to the still relatively higher concentration of silicates in the MSW region, in contrast to the almost depleted N and P, before high amounts of N- and P-rich water originating from Chinese rivers is transported to the MSW region in the wet, summer season. This finding is consistent with other studies in the region (Wang et al., 2003; Kim et al., 2006), and may be a significant contributing factor in determining the differing structures of protistan communities in these regions during late spring.




4.2 Spatial and vertical distribution of biological properties

Our study revealed that the potential organic biomass (i.e., Chl-a and POC) did not exhibit noticeable differences between the MSW and JWCW regions. Other studies within the same study region in May have reported surface Chl-a concentrations of less than 1 µg L-1, and our observed values were consistently within that range, all showing no significant difference between regions (Oh et al., 1999; Kim et al., 2009). Furthermore, other studies conducted during May found no significant differences in POC concentrations between the MSW and JWCW regions (Kim et al., 2009; Son et al., 2010). However, POC concentrations in both regions exhibited a seasonal pattern of rapid decrease during the spring bloom to summer period (Kim et al., 2009; Son et al., 2010), which is consistent with our satellite-based analysis data. In the northeastern East China Sea, particularly to the west of Jeju Island, May typically shows low biological activity within the waters in a seasonal context, immediately following the occurrence of the spring bloom (Furuya et al., 2003; Choi et al., 2018). Therefore, our investigation did not reveal any significant differences in estimated protist biomass at the scale of our study region because biomass, in general, was not particularly high. Although neither Chl-a nor POC concentrations reflected any differences in water-mass characteristics from a biomass perspective, the following section (section 4.3) discusses whether the protist community structures differed. In addition, the POC to Chl-a ratios were remarkably low in the DCM layers compared to the surface and deeper layers, suggesting that the communities in the DCM layers are generally composed of a high proportion of autotrophic plankton, instead of heterotrophic protists.




4.3 Protistan community structures

The rarefaction curves computed for each metabarcoding sample reached saturation, and the slopes of the curves at their endpoints ranged from 0 to 0.001 (Supplementary Figure 2), suggesting that the sequencing depth was sufficient for estimating the protistan communities in the samples. Furthermore, the interpretations derived from DNA metabarcoding are corroborated by the morphological identification and quantitative cell counts of the dominant protistan genera using light microscopy. Although a statistical correlation between the cell abundances determined by light microscopy and gene amplicon read counts could not be established, possibly due to the low cell abundances common in the offshore Lugol’s-fixed samples, the results from both methods exhibited similar biomass trends. This was especially evident in cases where cell abundances were relatively high, as observed with Corethron sp. and the cryptophyte species.

Despite no significant difference in nutrient concentrations observed between the two investigated regions, and considering that the Kuroshio branch current water (JWCW) is generally oligotrophic, the relatively higher proportions of the dinoflagellates in the nutrient-poor JWCW region may be explained by their diverse nutrient uptake abilities (i.e., mixotrophic or heterotrophic in addition to autotrophic), which could be advantageous in environments with limited nutrient availability (Jang et al., 2016; Jang and Jeong, 2020; Jeong et al., 2021). The accuracy of estimating cell abundances via metabarcoding in protists can be compromised due to variations in the number of 18S rRNA gene copies per species resulting from differences in their genome sizes (Gong and Marchetti, 2019). Despite this limitation, our study discovered that utilizing the metabarcoding approach was a highly effective means of gaining insights into the relative dynamics of protists. For example, it facilitated the detection of patterns in the populations of Chlorophyta and parasite Syndiniales, which are challenging to discern using conventional morphological assessments due to their delicate cellular structure and small size. Additionally, both high read abundances and ASV richnesses of Syndiniales parasites have commonly been reported in offshore metabarcoding samples (Egge et al., 2021; Käse et al., 2021; Rizos et al., 2023). This highlights their unknown genetic diversity and raises questions regarding their specific ecological niches within marine ecosystems. Furthermore, although their rRNA gene copies were low in number (Zhu et al., 2005; Gong and Marchetti, 2019), it is noteworthy that there were significant read abundances of small cell-sized groups such as Chlorophyta and Cryptophyta across all surveyed stations. In particular, the high read abundances of picoeukaryotic Chlorophyta in the MSW region could be primarily attributed to their small size, which confers an advantage in nutrient acquisition (Raven, 1986). However, this abundance could also result from a confluence of various oceanographic factors specific to the MSW region. In both the cell count and DNA metabarcoding data, the abundances of diatom species were higher in the MSW region. In particular, those of the genus Corethron were observed to have a density as high as 60.6 cells mL-1. When considering the relatively sufficient concentration of silicates in the MSW region, which is even higher than the half-saturation constants for silicate uptake by many diatom species, the silicate-rich nutrient stoichiometry of the water could potentially benefit fast-growing diatoms (Guillard et al., 1973; Paasche, 1973; Paasche, 1975; Tilman and Kilham, 1976). Additionally, it is worth noting that species of the large diatom genus Corethron generally dwell in cold water and employ a strategy of dominating the oligotrophic assemblages by exploiting deep-water nutrients in stratified waters through vertical migration facilitated by controlling their buoyancy (Leventer et al., 2002; Zúñiga et al., 2021). This could partially explain their prevalence at the MSW region stations, where the waters are relatively cold and more vertically stratified.

The species richness at the stations affected by the inflowing Kuroshio branch current water (the JWCW) was remarkably higher, suggesting that this water mass can increase the protistan taxonomic diversity of the northeastern East China Sea during the spring season. In both the cell count and metabarcoding data, not only was the abundance of dinoflagellates higher in the JWCW region but so too was the number of dinoflagellate species occurring. Among these species, many were known to cause harmful algal blooms; further discussion of this continues in the next section (section 4.4). In addition, not only the species richness but also the community diversity, as inferred by the Shannon alpha diversity index, was greater in the JWCW region across all categorized major taxonomic groups. These results provide evidence that the different water masses present in each region produced distinct impacts on the spatial distributions of protists that were similar across the major protistan taxon. Profound differences in the protistan community structures affected by different water masses were also demonstrated by the NMDS analysis. In particular, the results indicate that the communities of the MSW region could be dominated by taxa that have a high affinity for regenerated production, using nutrient sources such as ammonium and urea, in nutrient-imbalanced environments (i.e., those with a high Si:P ratio). In fact, the observed prevalence of picoeukaryotic Chlorophyta in the MSW region may be attributed to the tendency of small eukaryotes to preferentially assimilate ammonium, which provides a competitive edge in the acquisition of nitrogen (Le Bouteiller, 1986; Meyer et al., 2022). Conversely, the positive correlations between temperature/salinity and the protistan communities in JWCW samples show that the composition of these communities was influenced by the warm and saline Kuroshio branch current. Furthermore, the positive correlation between POC:Chl-a ratios and the JWCW communities, along with their negative correlation with Chl-a concentrations, suggest the possibility of a greater proportion of heterotrophic organisms within these communities.




4.4 The potential introduction of harmful species through the Kuroshio Current branch

The noticeably higher species richnesses and relative abundances of Dinoflagellata group taxa in the JWCW region may suggest that dinoflagellate species could be commonly introduced into the region from the Kuroshio Current via the Jeju Warm Current branch. In fact, a significant number of dinoflagellate ASVs identified in the JWCW region were discovered exclusively in that region, supporting a possible new introduction to the region. Many species of dinoflagellates are toxic and cause serious damage by creating harmful algal blooms (HABs) in coastal ocean waters (Smayda, 1997; Brand et al., 2012; Tillmann, 2018; Rolton et al., 2022). Among the seed populations of the HAB species found in this study, Alexandrium and Margalefidinium (= Cochlodinium) species, which are representative causes of severe red tide damage, have been commonly reported causing HABs in the Korean coastal water and the Yellow Sea (Matsuoka et al., 2010; Park et al., 2013; Gao et al., 2015; Jeong et al., 2017). In particular, the initial populations of M. polykrikoides have often been attributed to current-driven movement (Matsuoka et al., 2010; Park et al., 2014), and our results further corroborate the notion that harmful species infiltrate the region through the Kuroshio branch currents. Additionally, the harmful species Amphidoma languida, Azadinium dexteroporum, Karenia bicuneiformis, and Takayama pulchellum have not been previously detected in the waters off the Korean coast and in the Yellow Sea. Even if the absolute read numbers of these HAB species are generally not high, it is important to note that they can act as initial seed populations. Furthermore, this study has added several species to the checklist of HAB species discovered in the northeastern East China Sea region (Supplementary Table 3), which can provide a basis for understanding HAB issues during future ecological changes of the nearby coastal region. Overall, the identification of these species in the present study suggests the likelihood of other HAB species flowing into the region through the branches of the Kuroshio Current. Consequently, closely monitoring protist communities in this region holds critical significance, not only in terms of ecosystem research but also social and economic impacts.





5 Conclusion

To the best of our knowledge, this study is the first to employ a complementary approach of DNA metabarcoding and cell count methods to uncover the protistan communities in the spring season in the northeastern East China Sea, which is influenced by complex systems of ocean currents. The water masses in the region during May 2022 were clearly divided into two categories, one characterized by cold and low salinity water, the MSW, and the other by relatively warm and saline water, the JWCW. There was no difference in terms of planktonic biomass between the two regions, but the species richness and composition of the protistan communities exhibited significant differentiation. Specifically, a higher relative abundance of dinoflagellates was found in the JWCW, whereas diatom and picochlorophyte abundances in the MSW were remarkably greater. Furthermore, the higher species richness in the JWCW region suggests that this branch of the Kuroshio current can increase the protistan taxonomic diversity of the northeastern East China Sea during the late spring. Most importantly, we found new seed populations of harmful dinoflagellate species in the Kuroshio branch water mass, which may be seed introduction sources of toxic species that could further spread to the Yellow Sea and/or Korea Strait. In general, the results suggest that potential changes to the complex current systems of the region may, in turn, dramatically alter the structures of protistan communities.
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