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Abstract: Eukaryotic plankton are important parts of the marine biome and play an important role in
maintaining the stability of marine ecosystems. In order to characterize the eukaryotic plankton com-
munities in the South Yellow Sea Cold Water Mass (CWM) and the South Yellow Sea nearshore waters
(NW) in October 2019, Illumina high—throughput sequencing was performed using the 185 rDNA
V9 region as the target gene. Environmental factors (depth, pH, salinity, temperature, Chl 4, nitrate,
nitrite, ammonium, silicate, phosphate) in two sea areas were measured, and their correlations with
abundance and diversity of eukaryotic plankton were analyzed. A total of 807 species of plankton
were identified, of which 663 species in 24 categories were from the CWM area, and 614 species
in 26 categories were from NW. The total phytoplankton abundance in CWM waters was higher
than that in NW. Dinophyta and Bacillariophyta were the most abundant phyla of phytoplankton
in the two areas. Arthropoda and Cnidaria were the major zooplankton taxa. The dominant fungal
population was mainly Basidiomycota. Both the CWM and NW have effects on dissolved inorganic
nutrient concentrations and plankton abundance. Environmental factor correlation analysis showed
that the concentration of dissolved inorganic nutrients within the CWM increased with water depth
and the abundance of plankton gradually increased. Ammonium salts, nitrates, phosphates, silicates
and water depth were important factors affecting phytoplankton growth. Phytoplankton abundance
increased with increasing concentrations of inorganic nutrients. Bacillariophyta showed a strong
positive correlation with silicates and depth. Depth and microscopic phytoplankton abundance were
important factors influencing the structure of the zooplankton community.

Keywords: 18S rDNA; eukaryotic plankton; regional environmental factors; diversity; correla-
tion analysis

1. Introduction

The ocean occupies 71% of Earth’s surface and plays a vital role in global ecology and
socioeconomics [1,2]. As an important component of marine systems, changes in plankton
populations and community structure have a direct impact on ecosystem function [3,4]
and are sensitive indicators of environmental changes such as nutrient inputs, global
climate change and the impacts of human activities [5]. Plankton are passively floating
organisms, widely distributed in oceans, lakes, rivers and other ecosystems by the action of
water currents and are mainly grouped into the categories of phytoplankton (“plant-like”),
zooplankton (“animal-like”) and fungi. Plankton are considered to be important indicators
of the quality of the water ecosystem due to their short life cycle and responsiveness
to changes in physical and chemical factors in the water column [6,7]. Phytoplankton
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are major suppliers of primary productivity to oceans, contributing about 50% of global
primary production [8], and can alter the global climate by altering ocean carbon fluxes,
seawater luminous fluxes and heat fluxes [9,10]. Different species of phytoplankton differ
in their ability to adapt to the marine environment; therefore, phytoplankton species
and cell abundance can be important indicators for understanding changes in the marine
environment [11,12]. As secondary producers, zooplankton are key links between primary
productivity and higher trophic levels in the marine food web and a part of a “biological
pump” that transfers carbon immobilized by phytoplankton deeper into the ocean, and they
play an important role in environmental pollution monitoring [13]. Fungi are important
parts of the water ecosystem and are also affected by pH, temperature, conductivity and
the concentrations of nitrogen, phosphorus and organic matter [14,15]. Therefore, the
study of eukaryotic plankton diversity and community structure plays an important role
in revealing the ecosystem functions of corresponding waters.

Traditional methods for detecting the composition and diversity of plankton commu-
nities rely on microscopic observations of morphological differences and flow cytometry
technology. However, the method of microscopic counting has shown limitations of practi-
cal applications such as human factor—derived errors and the inapplicability of the study
on a large sample [16]. The flow cytometer has certain defects. For example, the cost of the
instrument is high, and the operation of the instrument requires rich experience. The in-
strument must be calibrated before each sample is tested. In recent years, the development
of macro genomics has been accelerated by the advent of high—-throughput sequencing
technology, which is simple, inexpensive and capable of obtaining specific DNA fragments
quickly and at high throughput, providing a new method for more comprehensive studies
of plankton community composition and diversity [17]. The ribosomal small subunit gene
185 rDNA is present in all eukaryotes, with alternating conservative and variable regions
on the 185 rDNA gene sequence, with the conservative region reflecting affinities between
biological species and the variable region reflecting differences between species for identifi-
cation of different species [18]. Behnke et al. analyzed the role of variable regions of 18s
rDNA in eukaryotic biodiversity studies to inform the selection of genetic markers [19].
The V9 region has high variability and a short length and is easy to be amplified and
sequenced. It can be used as a marker gene to study plankton community structure and
diversity [20].

The Yellow Sea is a shallow, semi—enclosed sea lying between mainland China and
the Korean Peninsula, located south to the Bohai Sea and north to the East China Sea.
The Yellow Sea is divided into north and south parts by a narrowing line between the
Chengshan Cape on the Shandong Peninsula and the Yangtze River Delta on the Korean
Peninsula. Furthermore, the Yellow Sea plays an important role in the global carbon cycle
and ecosystem. As an important sea at the edge of China’s continental shelf, the South
Yellow Sea has many branches along its coastline, which carry rich nutrients into the Yellow
Sea through coastal currents and provide good nutritional conditions for marine plank-
ton. Meanwhile, under the combined influence of warm currents in the Yellow Sea and
freshwater rushes in the Yangtze River, the distribution of marine communities is complex
and the spatial and temporal differences in community structure are significant [21]. The
South Yellow Sea Cold Water Mass (CWM) is an important hydrological phenomenon in
the Yellow Sea, which is generally bordered by a 10 °C isotherm, encompassing a wide area
near the bottom of the central Yellow Sea, and in summer, it is characterized by a relatively
low temperature and high salinity below the strong seasonal thermocline [22,23]. It has an
impact not only on the vertical distribution of hydrochemical elements, nutrients (nitrate)
and Chl g, but also plays an important role in the distribution of planktonic bacteria and
zooplankton and the distribution of chemical variables [24]. In addition, autumn is a
transitional season during the monsoon exchange period, when the cold water masses of
the Yellow Sea begin to recede and the warm currents of the Yellow Sea take shape [25].

Plankton community changes in the Yellow Sea have been the focus of attention by
marine scholars both at home and abroad, but most research focused on summer and
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winter when the hydrological characteristics are significant, and few research works were
conducted on autumn plankton during the transitional season. Additionally, there are few
reports on the intercomparison of the different spatial plankton diversities in the Yellow Sea
waters. Therefore, in this study, surface, middle and bottom water samples were collected
from five water extraction sites in each of the two characterized areas of the South Yellow
Sea Cold Water Mass (CWM) and the nearshore waters of the South Yellow Sea (NW).
Through high-throughput sequencing of the V9 region of 185 rDNA, we compared the
similarities and differences of eukaryotic plankton communities in the CWM and NW and
revealed the community structure and diversity of eukaryotic plankton in the Yellow Sea.
Their spatial distribution characteristics and relationships with environmental factors were
also analyzed, providing a theoretical basis for the functions of eukaryotic plankton in the
marine ecosystem.

2. Materials and Methods
2.1. Collection and Analysis of Environmental Samples

In October 2019, a total of 10 sampling stations were set up in the South Yellow Sea,
distributed in the CWM (H_01, H_02, H_03, H_04, H_05) and NW (H_06, H_07, H_08,
H_09, H_10). In order to analyze the distribution of plankton more comprehensively, it
is necessary to comprehensively analyze water samples from surface (S), middle (M) and
bottom (B) depths. A total of 30 water samples were collected from the surface, middle and
bottom of each site by the shipborne conductivity—temperature-depth (CTD) instrument
(SeaBird 911 Pluse, Sea-Bird Electronics, Washington, DC, USA). The depths of the surface,
middle and bottom layers of CWM are about 4 m, 35 m and 75 m, respectively. The
depths of the surface, middle and bottom layers of NW are about 4 m, 17 m and 30 m. An
amount of 8 L of water sample was filtered by a 0.22 m-pore size filter (47 mm in diameter,
Millipore, Eschborn, Germany), and the filter membrane was transferred to a 1.5 mL sterile
freeze-deposit tube. The sterile freeze-deposit tube was flash-frozen immediately in liquid
nitrogen onboard, returned to the laboratory and transferred to a —80 °C refrigerator for
DNA extraction. The sampling sites are shown in Figure 1.
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Figure 1. Location of sampling sites in the South Yellow Sea.
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2.2. Eukaryotic Plankton Community Characterization

According to the method of Yuan et al. [27], the environmental samples in the cryop-
reservation tubes were used to extract DNA from the samples using DNA lysis solution, pro-
teinase K and FastPrep-5G fragmentation apparatus (MP Biomedicals, Santa Ana, CA, USA).
Then, total DNA of the samples was extracted out using the DNeasy PowerWater® Kit
(Qiagen, Hilden, Germany), following the manufacturer’s instructions. The quality and
quantity of the extracted DNA were detected with the ND-2000 nanodrop spectrome-
ter (Thermal Science Company, Wilmington, TX, USA), and the extracted genomic DNA
was detected by 1% agarose gel electrophoresis. The DNA stock solution (50 ng) of
each sample was used as template for PCR amplification of 18S V9 region DNA, and
it was repeated 3 times for each sample. The primers for the V9 region were 1380F (5'—
CCCTGCCHTTTGTACAC-3') and 1510R (5'-CCTTCYGCAGGTTCACCTAC-3') [28]. The
PCR reaction conditions were as follows: 96 °C pre-denaturation for 3 min; 96 °C denat-
uration for 30 s, 50 °C annealing for 30 s, 72 °C extension for 90 s, total 35 cycles; 72 °C
extension for 7 min. PCR products were purified by using the MinElute® PCR Kit (Qiagen,
Hilden, Germany). The purified products were sequenced using an Illumina HiSeq2500
platform (Illumina, Inc., San Diego, CA, USA) via paired-end chemistry (PE250).

The original 18S sequences were filtered using QIIME (quantitative insights into
microbial ecology) software, and high—quality sequences were obtained by splicing, de—
priming, de-joining and excluding sequences with low-quality scores. The application
software Uparse performs row classes on high-quality sequences at the 97% similarity
level to produce operational taxonomic units (OTUs). Species annotation analysis of OTUs
representative sequences was conducted using the RDP Classifier method and the Silva
database, and the confidence threshold was set to 0.7 [29]. Using species annotations and
OTU readings, we obtained the distribution of OTU abundance for all samples. OTUs with
an abundance of < 0.005% of the total dataset were removed [30].

2.3. Diversity Analysis and Statistical Analysis

Alpha diversity analysis was performed using Mothur software to construct dilution
curves, and the Chaol index, Shannon’s index and Simpson’s index were calculated [31].
We divided eukaryotic plankton into three taxa (fungi, phytoplankton and zooplankton),
analyzed the spatial distribution of plankton at the phylum, class and family levels based
on the OTU data generated by QIIME and studied their community structure in the
CWM and NW. Beta diversity was calculated using Bray-Curtis and unweighted UniFrac
distance matrices and was visualized using principal component analysis (PCA). Biomarker
signatures of each group were screened using Metastats and LEfSe software. Redundancy
analysis (RDA) was performed to determine what environmental factors were related to
the plankton community composition [32]. Differences between treatments were compared
by one-way analysis of variance (ANOVA), and we performed a least significant difference
test at the 5% level using the SPSS statistical package (SPSS, version 18.0, Chicago, IL, USA).
Diagrams were created with R language tools and origin software.

3. Result
3.1. Sequencing Data of 18S rDNA

Two sets of samples from the South Yellow Sea Cold Water Mass (CWM) and the South
Yellow Sea nearshore waters (NW) were subjected to Illumina high-throughput sequencing
after amplification of the V4 region of the 185 rDNA gene to analyze the structure and
composition of the plankton community. A total of 2,177,461 original sequences were
obtained, and quality optimization of the original sequences yielded 2,065,235 high-quality
sequences. Among them, 31,959-89,119 reads were retained for the 15 NW population
samples, and 61,278-88,566 reads were obtained for the 15 CWM samples (Supplementary
Table S1). Finally, a total of 2,037,653 processed sequences (effective tags) were found in
all samples, accounting for a percentage of 93.6%. The dilution curves were smoothed
according to the lowest amount of data in all samples, and the dilution curves were
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constructed with the number of sequences drawn. Shannon rarefaction curves leveled off,
indicating that the 185 rDNA sequencing depth for all samples was sufficient to reflect
sample classification information (Supplementary Figure S1). All sequences were clustered
at the 97% similarity level and 4006 OTUs were obtained for the CWM, 2591 OTUs were
obtained for NW and 1807 OTUs co-occurred in both waters (Supplementary Figure S2).

3.2. Structural Characteristics of the Eukaryotic Plankton Community

Analyzed by indices of richness and diversity at each CWM and NW sampling site, the
eukaryotic plankton «-diversity of the groups varied greatly among all the samples. The
total number of OTUs (2013 OTUs) in the CWM-B was the largest among the communities
(Table 1). There was over 99% coverage of each sample library, fully reflecting the species
and structure of the plankton community in the region. The Chao index indicates species
richness, with higher values representing a greater total number of species. The CWM-
B (Chao 2406) had the highest richness indices, which were significantly higher with
respect to other samples. The OTUs and Chao indices of the surface, middle and bottom
samples in the CWM were usually higher than NW and were significantly different from
the Chao index of NW. The higher the Shannon diversity index, the more diverse the
communities. The Shannon index indicated that the CWM-B (Shannon 5.40) exhibited
the greatest species diversity, which was significantly different from the CWM-S diversity.
However, the Simpson index was not significantly different in any sample. The mean
number of OTUs per sample was 1650 and 712 for the CWM and NW, respectively, and the
Simpson index was higher for the CWM than for NW. These results indicate that there was
no significant difference in eukaryotic plankton diversity between the CWM and NW.

Table 1. Characterization of plankton richness and diversity indices in different waters of the South

Yellow Sea.
Sample ID OTUs Chao Shannon Simpson Coverage

H_01S 1392 1699 4.69 0.04 0.9963

H_025 1159 1555 3.28 0.15 0.9957

CWM-S H_03S 1059 1370 3.40 0.12 0.9960
H_04S 902 1204 3.06 0.19 0.9954

H_055 2260 2755 5.02 0.05 0.9935
Average 1354 be 17172 3.89°P 0.112 0.995 be
H_01M 1548 1941 5.33 0.01 0.9943

H_02M 1536 1949 4.13 0.08 0.9953

CWM-M H_03M 1439 1833 421 0.09 0.9932
H_04M 1360 1758 3.22 0.27 0.9944

H_05M 2028 2512 5.76 0.01 0.9931

Average 1582 2P 19992 4.53 b 0.09 2 0994 ©
H_01B 1680 1999 5.41 0.01 0.9955

H_02B 2050 2437 5.53 0.01 0.9938

CWM-B H_03B 2104 2425 5.45 0.02 0.9949
H_04B 1887 2274 5.40 0.02 0.9924

H_05B 2343 2897 5.19 0.04 0.9926

Average 2013 2406 2 540° 0.02°2 0994 ¢

H_06S 1432 1687 5.07 0.02 0.9960

H_07S 330 379 3.82 0.06 0.9994

NW-S H_08S 1442 1524 5.51 0.01 0.9986
H_09S 350 419 3.03 0.24 0.9979

H_10S 408 505 4.64 0.02 0.9970
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Table 1. Cont.

Sample ID OTUs Chao Shannon Simpson Coverage

Average 792 <d 903 b 4.4 0.07 2 0.998 @
H_06M 1274 1508 4.64 0.05 0.9950

H_07M 335 380 413 0.04 0.9992

NW-M H_08M 517 583 4.89 0.02 0.9989
H_09M 536 677 4.49 0.03 0.9977

H_10M 710 825 5.33 0.01 0.9965

Average 674 4 795b 4.70 b 0.032 0.997 ab
H_06B 1317 1636 4.65 0.05 0.9949

H_07B 488 591 4.54 0.02 0.9982

NW-B H_08B 484 547 4.44 0.02 0.9991
H_09B 704 915 5.27 0.01 0.9962

H_10B 349 403 4.24 0.04 0.9988

Average 668 4 818" 4.63 20 0.032 0.997 b

Treatment values (mean =+ standard error; n = 5) within a row followed by different letters are
significant differences at p < 0.05 levels according to LSD means comparisons test. Cold Water Mass
populations (CWM-S: surface, CWM-M: middle, CWM-B: bottom); nearshore waters populations
(NW-S: surface, NW-M: middle, NW-B: bottom).

3.3. Changes in Composition and Diversity of Eukaryotic Plankton Community

Species annotation of the resulting OTUs sequences revealed that a total of 27 phyla,
98 classes, 243 orders, 379 families, 593 genera and 807 species of plankton were obtained.
The number of eukaryotic species in CWM waters was 663 (distributed in 24 phyla), while
the number of species in NW was 614 (distributed in 26 phyla). In the CWM, zooplankton,
phytoplankton and fungi accounted for 89.45%, 9.77% and 0.78% of the total plankton,
respectively; in NW, they accounted for 61.80%, 23.74% and 14.46% of the total plankton,
respectively (Figure 2A). The relative abundance of zooplankton was the highest and the
relative abundance of fungi was the lowest in CWM waters, consistent with NW. The
taxonomic compositions of the eukaryotic plankton community varied dramatically. In
general, a total of 24 and 26 phyla were detected in the CWM and NW eukaryotic plankton
communities, respectively. The predominant phyla of the CWM and NW eukaryotic
plankton communities included Arthropoda (66.27%, 44.91%), Cnidaria (15.48%, 3.21%),
Bacillariophyta (4.83%, 16.72%), Chlorophyta (4.87%, 5.14%), Apicomplexa (3.49%, 8.47%)
and Basidiomycota (0.38%, 12.19%), which accounted for 95.32% of the CWM sequences and
90.64% of the NW sequences. The relative abundance of Bacillariophyta and Basidiomycota
in NW was much larger than that in the CWM, and the NW-S had the highest relative
abundance (24.24%) for Basidiomycota, while the CWM-S had the lowest abundance
(0.09%). The relative abundance of Cnidaria in the CWM was far from that in NW, and the
CWM-S had the highest relative abundance (26.80%). Compared with the CWM-S and
CWM-M, the CWM-B had a more even distribution of phyla (Figure 2B).

In this study, the main taxa of plankton were fungi, phytoplankton and zooplankton.
The major classes (the top 10 classes with higher abundance) of these three taxa in the
CWM and NW were analyzed (Figure 3). The predominant classes of the CWM and NW
eukaryotic zooplankton communities included Copepoda (37.53%, 28.87%), Hydrozoa
(8.64, 2.08%), Conoidasida (1.87%, 5.39%), Polycystinea (1.22%, 189%), Polychaeta (0.77%,
1.13%) and Ostracoda (0.13%, 0.29%). Appendicularia (0.80%), Tentaculata (0.19%) and
Monogenea (0.4%) had a relatively large distribution in the CWM. Mammalia (0.38%) and
Sagittoidea (0.33%) were mainly distributed in NW. In the CWM and NW, the eukaryotic
phytoplankton communities mainly consisted of members of the classes Dinophyceae
(33.34%, 29.88%), Coscinodiscophyceae (1.38%, 8.36%), Mamiellophyceae (1.08%, 2.08%),
Haptophyceae (3.92%, 2.00%), Bacillariophyceae (0.64%, 1.31%), Mediophyceae (0.54%,
1.11%), Synurophyceae (0.53%, 0.53%) and Katablepharidophyta (0.66%, 0.28%). Pelago-
phyceae and Chloropicophyceae had a larger distribution in the CWM, accounting for



Diversity 2021, 13, 21 7 of 19

1.65% and 0.95%, respectively. Chrysophyceae (0.52%) and Dictyochophyceae (0.33%)
were predominantly found in NW-M. From the distribution of different classes of fungi
in the CWM and NW, the main classes found were Labyrinthulomycetes (0.44%, 0.66%),
Dothideomycetes (0.03%, 0.66), Eurotiomycetes (0.07%, 0.61%), Agaricomycetes (0.18%,
0.35%), Oomycetes (0.03%, 0.30%), Tremellomycetes (0.01%, 0.13%), Basidiobolomycetes
(0.02%, 0.08%) and Cystobasidiomycetes (0.01%, 0.08%). Chytridiomycetes (0.04%) and
Malasseziomycetes (7.36%) were mainly found in the CWM and NW, respectively.
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Figure 2. UniFrac UPGMA (unweighted pair group method with arithmetic mean) clustering analysis revealed the dominant
plankton kingdoms (A) and phyla (B) in all samples from different waters of the South Yellow Sea. Cold Water Mass
populations (CWM: all; CWM-S: surface; CWM-M: middle; CWM-B: bottom); nearshore waters populations (NW: all;
NW-S: surface; NW-M: middle; NW-B: bottom).
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72: Hydrozoa

Z3: Conoidasida

Z4: Polycystinea
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P7: Katablepharidophyta
P8: Bacillariophyceae
P9: Mediophyceae

P10: Synurophyceae

F1: Labyrinthulomycetes
F2: Agaricomycetes

F3: Eurotiomycetes

F4: Chytridiomycetes
F5: Oomycetes

F6: Dothideomycetes
F7: Basidiobolomycetes
F$: Glomeromycetes
F9: Tremellomycetes
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F8: Saccharomycetes
F9: Basidiobolomycetes
F10: Cystobasidiomycetes
Others

Figure 3. Circos figure revealing the ten zooplankton, phytoplankton and fungi with the highest
relative abundance among the classes in different waters of the South Yellow Sea. (CWM: Cold Water
Mass; NW: nearshore waters; F: fungi; P: phytoplankton; Z: zooplankton).

The dominant OTUs at the family level of each sample point in the CWM and NW
were compared with each other (Figure 4). We found Malasseziaceae, Sarcocystidae, Skele-
tonemataceae, Harpacticidae, Cryptomonadaceae, Suessiaceae, Cymatosiraceae, Stephan-
odiscaceae and Miraciidae had greater relative abundance in NW than in the CWM. How-
ever, in the CWM, Chloropicaceae, Peridiniaceae, Phaeocystaceae, Katablepharidaceae,
Warnowiaceae, Prymnesiaceae, Chrysochromulinaceae and Oikopleuridae showed higher
relative abundance than in NW. Adeleidae, Plagoniidae, Glenodiniaceae and Stephanoeci-
dae were predominantly found in the CWM-M and CWM-B, and the relative abundance
of the CWM-B was greater than that of the CWM-M.
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Figure 4. Unweighted pair group method with arithmetic mean (UPGMA) and heatmap of eukaryotic plankton families

with relative abundances across different samples. Colors indicate taxa with a higher (red) or lower (blue) relative abundance
in each sample. Cold Water Mass (CWM) populations (H01_S-H05_S: surface; HO1_M-H05_M: middle; HO1_B-HO05_B:
bottom); nearshore waters (NW) populations (H06_S-H10_S: surface; HO6_M-H10_M: middle; HO6_B-H10_B: bottom).

Eukaryotic plankton communities of the CWM and NW showed a clear pattern
of specialization based on unweighted UniFrac distances with OTUs annotated at the
genus level (PCA, Figure 5). The first and second PCA variations (22.4% for PC1 and
12.2% for PC2) accounted for a cumulative variance sum of 34.6% across all samples in
the CWM (Figure 5A). On the PCA plot, the eukaryotic plankton communities from the
CWM-S group, CWM-M group and CWM-M group were clustered separately, and the
specialization of surface, middle and bottom in OTUs was unique to each water layer.
All NW samples were clustered together, and there was no significant difference between
the groups (Figure 5B). The statistical algorithms of Bray—Curtis were used to calculate
the distance between the two samples and obtain the distance matrix. The heatmap was
used to represent the distance matrix and observe the high and low distribution of the
differences between the samples. Weighted and unweighted UniFrac distances showed the
close proximity and some general differences of the eukaryotic plankton communities in
the CWM group and NW group (Figure 6A,B). Disparity in the composition of eukaryotic
plankton was presented in depths of different waters.
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Figure 5. Principal component analysis (PCA) of eukaryotic plankton communities (genus level) according to the two
populations (CWM and NW). Taxonomic (OTU) clustering based on unweighted UniFrac distances. (A): Principal compo-
nent analysis of eukaryotic plankton communities in the CWM; (B): Principal component analysis of eukaryotic plankton
community in the NW; (C): Principal component analysis of eukaryotic plankton community in the CWM and NW. CWM
populations (CWM-S: surface; CWM-M: middle; CWM-B: bottom); NW populations (NW-S: surface; NW-M: middle;
NW-B: bottom).
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02

Figure 6. Heatmap-based distance matrix of beta diversity analysis using weighted UniFrac (A) and unweighted UniFrac (B).

In summary, the results reveal that the microbial community profiles relatively differed
and eukaryotic plankton communities could be significantly affected by different waters.
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3.4. Environmental Factor Data Analysis

Environmental parameters of different water layers in the CWM and NW are shown
in Table 2. The differences in waters’ effects on environmental characteristics indicate
that water pH was slightly affected (p < 0.05) in both waters but the values remain non-
significant under all samples. As the sampling depth increased, the salinity levels in
the two waters increased, and the CWM group was significantly different from the NW
group, with the maximum salinity level obtained from the CWM-B group. The water
temperature varied greatly at different depths, with the CWM-B group having the lowest
water temperature values (9.55 & 0.28), which were all lower than that of other groups.
It was also consistent with the characteristics of cold water masses. The highest levels of
Chl a were in the CWM-S group (0.64 & 0.03) and the lowest were in the CWM-B group
(0.21 £ 0.04), with significant differences between the groups, and the highest levels of
Chl 2 in NW were found in the NW-B group (1.41 +£ 0.33). NW exhibited higher Chl a
concentrations. The concentrations of NO, "-N and NH;"—N in the five nutrient salts were
stable and did not differ significantly between the two seas, and the content of NO3;™-N,
PO,3~-P and SiO3%~-Si fluctuated considerably, among which the content of NO3~-N,
PO,3~-P and SiO32~-Si in the CWM showed a trend of lowest at the surface and highest at
the bottom.

Table 2. Statistics of environmental parameters in the two waters.

Environmental CWM NW
Parameters CWM-S CWM-M CWM-B NW-S NW-M NW-B
Depth (m) 492 +050°¢ 35.82 +3.52°P 75.16 +1.902 442 4+ 045¢ 17.13 + 650 3098 +10.72b
pH 8.09 +0.02°2 7.99 +0.042 7.78 +£0.02P 8.07 +£0.022 8.02 +£0.032 8.00 £+ 0.052
Salinity 31.69 £ 0.123bc 3230 +0.1223b 32.88 +0.482 30.95 + 0.34 ¢ 3115+ 0.46%  31.24 4+ 0.54 bc
Temperature 21.24 + 0442 15.72 +1.93¢ 9.55 +0.28 b 2213 £0.252 2062 +1.642  20.0542213b
(Egﬁ) 0.64 + 0.03 @b 0.59 + 0.14 @b 021 +0.04P 1.18 £ 0302 1.16 £0.33 2 1.41 + 0332
NO,™-N 0.09 £ 0.022 0.30 & 0.09 2 0.09 £0.012 0.24 £ 0.07 2 0.20 £ 0.06 2 0.30 £ 0.16 2
(umol/L)
NO; -N 139 +£0.40° 3.80 +0.66 P 6.24 +0.32 P 9.10 + 3.36 2 8.35 + 2.53 b 13.63 £ 3.452
(umol/L)
3—_
PO4”-P 0.09 +0.01¢ 0.32 4 0.08 bc 0.70 + 0.052 0.40 +£0.11" 0.49 + 0.08 2P 0.50 + 0.11 2P
(umol/L)
. 2__ .
Si057" -5 217 +0.26¢ 3.73 +0.32bc 8.95 + (.88 ab 821 +2.60 2 9.05 +2.18 @b 9.78 +1.822
(umol/L)
NH;*-N
1.87 +£0.342 2.90 + 0.50 2 1.71 +0.352 2.90 + 0.60 2 22240572 22040442
(umol/L)

Treatment values (mean + standard error; n = 5) within a row followed by different letters are significant differences at p < 0.05 levels
according to the least significant difference (LSD) means comparisons test. Cold Water Mass (CWM) populations (CWM-S, surface;
CWM-M, middle; CWM-B, bottom); nearshore waters (NW) populations (NW-S, surface; NW-M, middle; NW-B, bottom).

3.5. Comparative Assessment of Microbial Biomarkers

We used the non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect
significant abundance difference characteristics and found taxa that were significantly dif-
ferent from abundance. Finally, we used the linear discriminant analysis effect size (LEfSe)
method to estimate the magnitude of the effect of species abundance on differential effects
and to further elucidate the possible interactions of the identified eukaryotic plankton affil-
iations in water samples. Through detecting the significant differences in the abundance
of different eukaryotic plankton biomarkers in the detection group (linear discriminate
analysis (LDA > 2; p < 0.05), the cladogram revealed that 99 biomarkers were identified in
all water samples. Across all classification levels of the CWM—NW, 45 biomarkers were
associated with the CWM and 54 were associated with the NW group (Figure 7). The
higher abundance of Cyclopidae species (LDA 4.60, p = 0.02), including Cyclopoida and
Eucyclops genera, was significantly enriched in the CWM group (Figure 7; Supplementary
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File S1). Bacillariophyta (LDA 4.54, p < 0.05) were highly abundant biomarkers identified
in the NW group, and they consisted mainly of Thalassiosirales, Bacillariophyceae and
Basidiomycota (LDA 4.42, p < 0.05), which were found to be significantly abundant in the

NW group (Figure 7; Supplementary File S1).

Cladogram
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Figure 7. Cladogram plotted from LEfSe comparison analysis indicates the taxonomic representation of statistically

and biologically consistent differences in identified biomarkers among different waters (CWM: Cold Water Mass; NW:

nearshore waters).

3.6. Correlation Analysis between Environmental Factors and Eukaryotic Planktonic Community Data

Redundancy analysis indicated relationships between environmental factors (water
properties) and eukaryotic planktonic community composition, and results show that
the relative abundance of eukaryotic plankton (Top 10) at the phylum level was affected
by environmental properties (Figure 8). According to Figure 8, the first and second axes
showed that 54.86% and 27.20% of changes in the eukaryotic plankton were influenced by
water environmental properties. Depth was positively correlated with salinity, NOs~-N,
PO,3~-P, SiO32~-S, NH,*-N and Chl 2 in NW and negatively correlated with other envi-
ronmental factors. The location of each sample on the RDA figure reflects the dependence
of each species on different environmental resources. The significant abundance of Annel-
ida, Apicomplexa, Bacillariophyta, Chlorophyta and Chordata was associated with water
environmental indicators (NO, ~-N, NO3 ™ -N, PO, -P, salinity, Chl a) and water depth.
Basidiomycota is positively correlated with NH;* —N. Species abundance of Arthropoda
and Cnidaria was significantly induced by pH in CWM waters. The slight change in
SiO32~-S and NH,*-N levels was significantly associated with the change in Ascomycota
and Streptophyta.
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Figure 8. Redundancy analysis (RDA) of eukaryotic plankton community structure associated with environment.

4. Discussion

High-throughput sequencing of environmental samples has the potential to detect rare,
small and fragile species and has been shown to be feasible for biodiversity monitoring and
quantification [33]. In this study, we used Illimina high-throughput sequencing technology
to amplify the 185 rDNA V9 region DNA to explore the community structure of plankton
in the South Yellow Sea, and we found that the number of reads in CWM waters was
as high as 1,160,460 with 4006 OTUs; the number of reads in NW was 904,775 with 2591
OTUs. It can be seen that the OTUs of the Cold Water Mass in the South Yellow Sea are
significantly higher than the nearshore waters of the South Yellow Sea. The species richness
of eukaryotic plankton in the CWM was higher than that in NW, and the diversity was
different but not significant. Therefore, we could divide the eukaryotic plankton into two
relatively independent communities.

After smoothing the sample data, there were 326 phytoplankton species in NW, with a
read count of 206,224 and fungal read count of 41,672, and 354 phytoplankton species in the
CWM, with a read count of 188,036 and phytoplankton fungal read count of 4351. It was
derived that although the total number of plankton was greater in the CWM than that in
NW, the number of phytoplankton and planktonic fungi was higher in NW than that in the
CWM. The reason lies in that the nutrient-rich salts brought to the nearshore waters by the
freshwater discharged by the Yangtze River and the warm currents of the Yellow Sea pro-
vided favorable conditions for the growth of phytoplankton in the nearshore waters [34].
Dinophyceae with 115 species and Bacillariophyta with 73 species were the dominant
phytoplankton groups in this area, while Prorocentrum 14.83%, Gymnodiniaceae 12.35%
and Skeletonema 7.89% were the dominant species. As described in previous reports [35],
which analyzed the species composition and distribution characteristics of phytoplankton
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in the Yellow Sea in spring and autumn using microscopic methods, phytoplankton were
mainly Bacillariophyta and Dinophyta. During autumn and winter, the wind speed above
the NW increases and is influenced by freshwater runoff into the sea, and Bacillariophyta
and Dinophyta are protected by a silicified cell wall that can persist during strong current
turbulence, providing the main support for phytoplankton biomass in the NW [36]. Skele-
tonema was a major red tide bacillariophyta in China’s coastal waters, posing a direct threat
to marine aquaculture, aquatic food safety and ecosystem health, and its favorable growth
temperature is 25 °C [37]. The NW provide a suitable growth temperature for it. Similarly,
nearshore eutrophication was a necessary trigger for Bacillariophyta water blooms and
occurrence [38]. The NW area was small and shallow, and the total number of plankton
samples was lower. At the same time, small-scale coastal waters were significantly influ-
enced by anthropogenic activities, and environmental variability was more likely to cause
dramatic changes in the plankton community [39]. Moreover, phytoplankton compete for
survival in the water. The high abundance of dominant species of Dinophyta and Bacillar-
iophyta inhibits the growth of other phytoplankton, increases the polarization of numbers
between communities, decreases uniformity and was an important cause leading to low
phytoplankton diversity. The eukaryotic zooplankton assemblages in NW consisted mainly
of Arthropoda, Apicomplexa and Cnidaria, and the dominant genera were Neocalanus,
Besnoitia, Acanthocyclops and Muggiaea. The results obtained from the study are consistent
with the distribution area [40]. Due to the differences in temperature and salinity tolerance
among zooplankton, the species composition and abundance of zooplankton vary, thus
affecting their community structure [41]. Neocalanus, as the dominant species, was a wide-
temperature, wide-saline species, whose development and growth depend on temperature,
and whose embryonic development has an upper temperature tolerance of 23 °C [42],
making it one of the dominant species of coastal zooplankton in China. However, due
to predation by other organisms, it results in lower abundance of Neocalanus in NW than
that in the CWM from summer to fall [43]. Among them, Muggiaea secretes toxins during
growth that can bind to nets and cause depletion of nearshore marine fishery resources [44].
Temperature and dissolved organic matter were two important factors in the regulation of
fungal productivity. Within a certain temperature range, the increase in temperature helped
the fungus to metabolize and increase its productivity. Fungal productivity was usually
consistent with the trend in the distribution of Chl a content and also higher in marine areas
with higher Chl a content [45]. Seawater temperature was stable and Chl 2 was abundant in
the NW of this study (Table 2). The Yangtze River brings large amounts of freshwater into
the ecosystem, and the use of nitrogen fertilizers in agricultural practices in the Yangtze
River basin leads to increased concentrations of nitrogen and phosphorus (Table 2) [46,47].
Therefore, Basidiomycota and Ascomycota mainly dominate the NW, with Malassezia being
the dominant genus, accounting for 67.46% of the total amount of pelagic fungi. The fungal
species obtained by Zhang Li et al. based on ITS region amplification were also dominated
by Basidiomycota [48]. The dissolved organic matter released by jellyfish usually had a
high carbon to nitrogen ratio, which facilitates fungal respiration [49,50]. Previous studies
found that rapid phytoplankton growth can limit fungal productivity. Station H_09 had
fewer phytoplankton than other stations, so Malassezia was mainly clustered at this station.

Historical studies show that zooplankton abundance in the South Yellow Sea in au-
tumn reveals a gradual increase from the nearshore to the central sea [51]. The abundance
and biomass of zooplankton distributed in CWM waters were generally high, and Gao et al.
also showed that salinity was one of the most important environmental factors affecting
the zooplankton community characteristics in the Yangtze estuary [52]. The CWM was not
susceptible to nearshore anthropogenic factors, had relatively high salinity (Table 2) and
provided a stable habitat for most zooplankton, and the colder temperatures of the Cold
Water Mass allow it to escape high-temperature damage. Therefore, Neocalanus, Eucyclops,
Acanthocyclops and Muggiaea in Arthropoda and Cnidaria were the most dominant zoo-
plankton in the CWM of the South Yellow Sea, accounting for 41.63%, 11.94%, 8.19% and
15.52% of the total zooplankton, respectively. Neocalanus and Acanthocyclops had a wide
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range of temperature tolerance, but there were some limitations. Liang and Uye found
that Neocalanus was present year-round in Fukuyama Port, Japan, but the growth rate no
longer increases at water temperatures above 20 °C [53]. For photosynthetic autotrophic
plankton, the most suitable environment was the thermocline. Due to the stratification
phenomenon, the upper layer of seawater had the advantage of light and temperature,
while the deeper layer had a higher concentration of nutrients, low light, low temperature
and other extreme environmental conditions, resulting in significant differences in species
diversity (Table 1). In the thermocline, the temperature changes quickly, and the tempera-
ture drops from about 23 to 8 °C at a vertical distance of about 20 m. The mixing of cold
and warm water is accompanied by nutrient salts and other life elements, which provides
favorable conditions for the mass reproduction of photosynthetic autotrophs. This was
one of the reasons why zooplankton were more abundant in the CWM waters than in
NW. Eukaryotic algae with smaller particle sizes in seawater are generally more abundant
in oceans far away from nearshore waters, thus increasing phytoplankton diversity in
cold water masses and providing a good food base for zooplankton [54]. Predation on
microscopic phytoplankton by large numbers of zooplankton in CWM waters exacerbates
zooplankton growth and reproduction. The dominant eukaryotic phytoplankton species
in the CWM waters were similar to those in the NW and were also dominated by Dino-
phyceae (119 species). Among them, Prorocentrum was the dominant species, accounting
for 23.63% of the total number of phytoplankton. Bacillariophyta were less abundant in
the CWM compared to the NW, with Skeletonema accounting for only 0.30% of the total
phytoplankton. Li et al. found that the phosphate concentration was low and the growth
of Skeletonema may be affected, whereas this may facilitate the growth of Prorocentrum [55].
A previous study also reported that during the autumn season, bacillariophyta correlated
with the silicate concentration [56]. Therefore, it can be assumed that silicate was the
important controlling factor. The SiO32~-Si content in the CWM was smaller than that in
the NW and was only abundantly distributed at the bottom of the Cold Water Mass, so the
Bacillariophyta abundance was relatively small. It had been explained in previous studies
that water depth may impact the abundance of phytoplankton distribution as the nutrient
concentrations increased vertically because of sinking [57,58]. The CWM had a higher
water depth than NW, and nutrient salt concentrations were deposited, providing favorable
conditions for phytoplankton diversity. Although the temperature decreases with depth,
Dinophyta can be protected by a thick cell wall of cellulose and thus grow well. For the
fungi in the CWM, the upper layer of water had a suitable growth temperature and light,
but the concentration of nutrient salts was low, and the deep layer had deposited nutrient
salts but low temperature and low light, so there was a lower number of fungi. Malassezia
accounted for only 0.62% of the total plankton, while Thraustochytrium, the dominant genus,
accounted for only 10.99% of the total plankton. Shiah and Ducklow suggested that the
distribution of fungi was synergistically influenced by three factors: temperature, nutrient
salt supply (bottom-up control) and feeding pressure (top-down control) [59]. The lower
temperature in the Cold Water Mass and the large amount of zooplankton feeding brought
differences in the fungal community in the spatial distribution pattern.

It was found that the plankton in different waters varied widely in species abundance
and diversity. NW were subject to freshwater impacts and anthropogenic influences in the
Yangtze River, and the area had high nutrient salt concentrations that provide a good habitat
for phytoplankton. Previous studies also showed that a higher Chl a content gives the
South Yellow Sea high primary productivity in spring and autumn [60]. NW generally have
a higher Chl a content (Table 2), so the region is rich in phytoplankton biomass. However,
the depth of seawater in the NW area was shallow, and due to the strong winds associated
with Typhoon Hibei-Shi, the seawater in each layer was easily mixed with sediment, which
affects the growth of plankton; therefore, it can be seen from Table 2 and Figures 5 and 6
that there was no significant difference in nutrient salts in the water samples of each layer,
and the plankton species are also concentrated. Other important factors were the CWM'’s
distance from the coast and the peculiar stratification that provide a good and stable habitat
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for zooplankton. It was also known from this study that the zooplankton species richness
was higher in CWM waters than that in NW due to the influence of the food chain and the
role of zooplankton as predators in the plankton food chain on microscopic phytoplankton
predation in CWM waters. Therefore, this also causes the phytoplankton biomass to be
lower. At the same time, the vertical transport of nutrient salt by a continuous and stable
upwelling system in CWM waters can further promote biological activity in the upper
water column [61], which can also apparently provide additional assurance of sea-derived
material for the deposition of biological residues and their nutrients to the bottom.

As shown by RDA analysis (Figure 8), significant changes in water environmental
factors were likely associated with changes in plankton community composition and
diversity. Depth was positively correlated with NO; ~-N, PO,>~-P, SiO32~-S, salinity and
Chl a. An increase in water depth caused a vertical increase in nutrient deposition, and
depth had a strong influence on plankton distribution. Most of the zooplankton biomass
and abundance in this study were positively correlated with water depth. Tavernini
et al. also found that water depth was strongly correlated with zooplankton community
structure [62]. There was a negative correlation between temperature and water depth,
with a decrease in the number of Arthropoda and Cnidaria as depth increased and water
temperature decreased, indicating that salinity had a stronger effect on these two species
than water temperature had. Additionally, as broad-temperature, broad-salt species, they
had a strong positive correlation with nitrite, Chl 4 and salinity. Algae are required as
primary producers for photosynthesis, which, in turn, require nitrogen and phosphorus,
which are required as basic nutrients. In this study, nitrogen and phosphorus levels
had a significant impact on the phytoplankton community. Le et al. showed that high
concentrations of ammonium support higher cell abundance in phytoplankton, and our
RDA analysis yielded the same results [63]. Depth, salinity and Chl 2 showed significant
positive correlations with Apicomplexa and Chordata. Annelida, Bacillariophyta and
Chlorophyta are strongly correlated with depth, NO3 ~-N, PO,43~-P and SiO32~-S. Similarly,
our analysis showed that nitrate concentration had a strong effect on the abundance of
phytoplankton. Thus, we found that phytoplankton abundance in NW was higher than
in the CWM, the reason of which may be the variation in nutrient salt concentration
between these two regions (Table 2). Increased rainfall and river inflows during the
autumn increased nitrate and silicate levels in the water column. An increase in nitrate
and phosphate also increases Bacillariophyta proliferation and eventually leads to the
accumulation of silicates in the sediment [64]. Such an environment also contributes to
the growth of Annelida. In our study, CWM silicate concentrations were lower than NW,
which may account for the increased abundance of Dinophyta and decreased abundance
of Bacillariophyta in the CWM.

The high-throughput sequencing technology based on 185 rDNA has high work
efficiency, but it also has some disadvantages. First, quantitative DNA extraction may be
affected by heterogeneity in cell wall stability. Furthermore, rDNA copy number variation
affects the relative abundance estimates of all species in the sample. In addition, the number
of resting stages varies among samples [65]. At the same time, the loss of cells in preserved
samples can also lead to observed differences in species abundance. If the cell losses are
taxon-specific and differ between species, they can bias the relative taxon abundances in the
morphological samples [66]. Therefore, the combination of high-throughput sequencing
technology and morphological observation can conduct a more comprehensive study on
the community distribution of plankton.

5. Conclusions

High-throughput sequencing technology based on 185 rDNA can obtain a richer
number of zooplankton, phytoplankton and fungi. The relative abundance of zooplankton
was the highest and the relative abundance of fungi was the lowest in CWM waters,
consistent with NW. Dinophyta and Bacillariophyta were the most abundant phyla of
phytoplankton in the two areas. Arthropoda and Cnidaria were the major zooplankton taxa.
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The dominant fungal population was mainly Basidiomycota. Total plankton abundance
was highest in CWM waters. However, the number of phytoplankton and fungal reads
in NW was higher than that in cold water masses. The NW were the main source of
dissolved nutrients affecting the phytoplankton community. Ammonium salts, nitrates,
phosphates, silicates and water depth were important factors affecting phytoplankton
growth. Depth and microscopic phytoplankton were important factors influencing the
structure of the zooplankton community. Meanwhile, high-throughput sequencing is a new
method for plankton research, and this study adopts this method from the side to reflect
the diversity of eukaryotic plankton in the South Yellow Sea and its relationship with the
environment; however, every research method is not all-powerful, and the high-throughput
sequencing method is also limited by the database used. Hence, it can be combined with
traditional microscopy methods to conduct a more comprehensive and in-depth study
in this field. Many of the conclusions in the paper corroborate the patterns obtained by
previous traditional methods, and some of the different conclusions from the previous ones
await further research. Therefore, long-term integrated plankton observations are needed
to better understand the combined effects of physicochemical and biological factors on
marine ecology.
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