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ABSTRACT Mount Xianbei is one of the largest shallow seamounts located in the middle
of the South China Sea (SCS), which might play a role in shaping the biodiversity of sur-
rounding continental coastal waters, particularly the diversity of phytoplankton species caus-
ing frequent harmful algal blooms (HABs) in northern SCS. However, the diversity, composi-
tion, and distribution of phytoplankton species in the seamount regions of Xianbei remain
largely unexplored. In this study, samples around and outside the seamount regions were
collected during a late summer cruise of 2021 to test whether seamounts play a role in
HAB species propagation. In total, we identified 19 HAB species across all samples using
the ASV-based DNA metabarcoding approach, 6 of which had not been reported previously
in the SCS, suggesting a diverse HAB species in the SCS. Specifically, 16 HAB species were
found in the seamount region of Xianbei, and 5 of them were also found in the coastal
waters, indicating a close connection between seamount and coastal waters. This study
was the first attempt to explore HAB species’ spatial diversity and vertical distribution in
the seamount region of Xianbei at single-nucleotide resolution, which provides a novel ex-
planation for the coastal HAB occurrence in the northern SCS.

IMPORTANCE There are a number of seamounts under the water of the South China
Sea (SCS). The seamounts might play a role in shaping the biodiversity of surrounding
continental coastal waters. However, there is no direct evidence revealing the relationship
of the biodiversity of phytoplankton between seamounts and coastal waters in the SCS,
especially those species having the potential to form harmful algal blooms (HABs). Some
HAB species might proliferate in certain geographic locations, while others may be broadly
distributed across oceanic provinces. In this study, we provided a detailed analysis of phy-
toplankton composition and molecular detection of HAB species from seamount to coastal
waters in the SCS, which suggested a strong interaction in the HAB species between the
two areas. This finding provides new insights into the diversity and distribution of HABs in
seamounts and their role in shaping the composition and the occurrence of HABs in
coastal water.

KEYWORDS South China Sea, SCS, seamounts, harmful algal blooms, metabarcoding
analysis, amplicon sequence variants, ASV

Marine harmful algal blooms (HABs) are destructive biological events caused by rapid
production and accumulation (retention, physical transport, behavior) of microalgae

(1). In the past few decades, both the frequency and duration of HABs have been increasing
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worldwide, posing a major threat to human health, economic stability, and marine ecosys-
tem functioning (2, 3). Some HAB species might proliferate in certain geographic locations,
while others may be broadly distributed across oceanic provinces (4–6). There is an increas-
ing number of rare and novel HAB species detected outside the geographical area where
they were first identified, and outbreaks caused by the same HAB species may be geograph-
ically distant (7). For instance, the picoplanktonic (2 to 3mm) pelagophyte Aureococcus ano-
phagefferens first appeared during a “brown tide” event in coastal bays in the northeastern
United States in 1985 (8) but subsequently occurred in Saldanha Bay, South Africa in 1997
(9) and in the coastal area of Qinhuangdao, China in 2009 (10). A. anophagefferens was
detected in the ballast water of local watercraft, which was regarded as the vector of A. ano-
phagefferens dispersion. However, in a recent study, Tang et al. (11) reported that A. anopha-
gefferens was not recently introduced but rather an indigenous species in the northern
South China Sea, suggesting A. anophagefferens might have a cosmopolitan distribution
globally regardless of maritime activities. Similarly, the toxin-producing dinoflagellate
Stoeckeria algicidawas first discovered off the south coast of Korea in 2005 and was later dis-
covered in Liaodong bay in the Bohai Sea in 2014, presumably introduced by ocean currents
or shipping (12). Therefore, it is essential to study the diversity, community dynamics, and
geographical distribution of HAB species across ocean basins to trace the origin and propa-
gation of HAB species.

The South China Sea (SCS) is the largest marginal sea in the western tropical Pacific
Ocean and is characterized by complex physicochemical environments (13). The coastal
waters of the SCS, especially the Pearl River Estuary, are suffering from the high incidence
of HABs (14). There are many seamounts scattered across the vast abyssal plain of the SCS.
Xianbei is a shallow seamount located in the central part of the SCS with a height of 3,786
m and a peak 208 m below the surface sea, close to the euphotic zone. Seamounts provide
special habitats for marine organisms, which have unique biological characteristics due to
their specific geographical characteristics and hydrological conditions (15). Previous studies
have shown that physical processes such as Taylor cones in shallow seamounts will form a
“seamount effect,” which brings rich nutrients in deep water into the photic zone through
upwelling, thus promoting phytoplankton growth and increasing primary and secondary
productivity (16–18). In addition, seamounts may form shore-like habitats where the phyto-
plankton community structure may differ from that of the adjacent open ocean (19). The
phytoplankton diversity and distribution patterns in the SCS, particularly in seamount
regions, are not well understood. In addition, how HAB species differ in seamount regions
from the Pearl River Estuary is not clear.

Studies on phytoplankton and HAB species in the SCS originated in the 1870s and have
accumulated abundant data; these studies heavily relied on the morphological analysis of
algal species and mainly involved classifying, identifying, and counting phytoplankton cells
under a microscope on the basis of morphological characteristics. Traditional methods are
not only tedious but less accurate in species identification solely based on morphology,
compared to molecular biology-based methods. Particularly, DNA metabarcoding methods
based on molecular marker amplification and the high-throughput sequencing approach
developed quickly in recent years (20–22), which have been proven to be powerful in ana-
lyzing phytoplankton diversity and community composition. The metabarcoding approach
has been applied in global ocean microbial surveys, including the Tara Oceans Expedition
(23) and the Ocean Sampling Day (24). Previously, Xu et al. (7) have shown that there are
large numbers of phytoplankton and HAB species in the Western Pacific seamount regions,
while only a few studies reported that HAB species were also present in seamount regions
of the SCS. What are the HAB species and how are they distributed in the SCS and in
coastal waters remain unclear.

More recently, McNichol et al. (25) compared and evaluated the coverage of primers for
different rRNA subunits by using the metagenomic data of global marine bacteria, archaea,
and eukaryotes. The finding revealed that the expected performance of primer sets could
be improved with minor modifications, pointing toward a nearly completely universal
primer set (515Y/926R) that could accurately quantify biogeochemically important taxa in
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ecosystems ranging from the deep sea to the surface. Compared with the universal primers
for the variable regions of 18S rDNA (V1 to V9) commonly used in eukaryotic phytoplank-
ton, this primer set has a higher amplification efficiency and can obtain more complete
species information, including cyanobacteria. Furthermore, most metabarcoding-based
analyses were performed using operational taxonomic units (OTU) clustering, but 97 to
98% sequence similarity clustering reduced species resolution, resulting in a large number
of species and important strains being ignored in the survey (26–28). Meanwhile, new
methods have been developed that resolve amplicon sequence variants (ASVs) from
Illumina-scale amplicon data without imposing the arbitrary dissimilarity thresholds that
define molecular OTUs (29, 30). The ASV-based method has demonstrated sensitivity and
specificity as good or better than the OTU-based method, while the ASV-based method is
explicitly intended to replace OTU-based analysis (30, 31). This approach has been proven
to be effective for analyzing protistan diversity and distributions in nature (22) but has only
recently been applied to HAB species surveys (26, 27, 32, 33).

Based on previous studies, we hypothesize that phytoplanktonic biodiversity and
community composition in the seamount region of Xianbei may be different from sur-
rounding and coastal waters, and seamount might host diverse HAB species that could
potentially seeding coastal HABs. To test this hypothesis, we applied an ASV-based
metabarcoding approach to analyze amplicon sequences recovered from 61 water
samples collected in the SCS, during August and September in 2021. Our main objec-
tives of this study were to (i) compare phytoplankton community composition, rich-
ness, diversity, and relative abundance (including eukaryotic algae and cyanobacteria)
in the samples from seamount region of Xianbei (XB), Xisha (XS), and Dongsha (DS) of
SCS; (ii) investigate HAB species composition and distribution in the seamount region
of Xianbei; (iii) explore the dominant HAB species and their correlations with environ-
mental factors in seamount region of Xianbei along depth gradients; and (iv) evaluate
the composition and similarity of HAB species between coastal waters and the sea-
mount region of Xianbei in the SCS.

RESULTS
High-throughput sequencing data statistics. A total of ;22,795,694 raw rRNA gene

reads were obtained from all 61 samples at 30 sampling sites in the SCS from August to
September of 2021 (Fig. 1). After filtering the low-quality reads, trimming the adapters and
barcodes, and removing chimeras using the DADA2 pipeline, 3,251 ASVs were obtained
from all water samples with an average length of 373 nucleotides. Of these, 2,776 ASVs
were supported by at least 2 reads and detected in at least 1 sample. In this study, we
focused on the analysis of 939 ASVs that were annotated as phytoplankton species. The
rarefaction analysis indicated near saturation, suggesting sufficient sequencing depths (Fig.
S1 in the supplemental material).

Among all 2,776 ASVs annotated as phytoplankton, the richness of the Cyanobacteria di-
vision was the highest (2,121 ASVs, accounting for 76.65%), followed by Dinoflagellata (406
ASVs, 14.35%), Chlorophyta (125 ASVs, 4.52%), Haptophyta (52 ASVs, 1.88%), Ochrophyta (38
ASVs, 1.37%), Bacillariophyta (26 ASVs, 0.94%), Prasinodermatophyta (5 ASVs, 0.18%),
Cryptophyta (2 ASVs, 0.07%), and Rhodophyta (1 ASV, 0.04%) (Fig. 2A). At the class level, 22
classes were identified (Fig. 2B). The richness of Cyanophyceae class (2121 ASVs, 76.68%)
was the highest, followed by Syndiniales (213 ASVs, 7.70%), Dinophyceae (167 ASVs, 6.04%),
Mamiellophyceae (52 ASVs, 1.88%), Coccolithophyceae (45 ASVs, 1.63%), Chloropicophyceae
(41ASVs, 1.48%), Pyramimonadophyceae (30 ASVs, 1.08%), Pelagophyceae (28 ASVs, 1.01%),
and others.

Diversity analysis of phytoplankton in the SCS. Most of the rarefaction curves for
the 61 samples tended to reach saturation (Fig. S1), and the Good’s coverage indexes
ranged from 0.99 to 1.00, suggesting sufficient sequencing depth for this study. To explore
the richness and evenness of phytoplankton at all sampling sites, alpha diversity indexes
were calculated for surface water samples from XS, DS, and XB (Fig. 3) (Table S1 and S2).
The Richness and Shannon indexes of eukaryotic algae (Fig. 3A) and cyanobacteria (Fig. 3B)
fluctuated within a certain range, showing that XB16.1 had the largest richness and XS9.1
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and DS6.1 had the smallest richness. In particular, the Richness and Shannon indexes of
samples in XS and DS were relatively lower than that of samples in XB. In addition, the
Richness and Shannon indexes of the XS samples from the sampling sites XS3.1 in the
open sea to XS9.1 near the Pearl River Estuary showed a slight downward trend.
Comparative diversity analysis of phytoplankton ASVs in all sampling sites revealed higher
diversity of eukaryotic algae than cyanobacteria (Fig. 3).

To reveal the differences of alpha diversity along the depth gradients in the seamount
region of Xianbei, samples were categorized into four groups: XB_shallow (25, 225, and
250 m), XB_DCM (260, 275, 280, and 290 m), XB_middle (2100, 2150, and 2200 m),
and XB_deep (2300, 2500, 2800, and 21,500 m). In the eukaryotic algae survey (Fig. 4A
and B), analysis of the alpha-diversity metrics (Richness and the Shannon index) indicated
that the Richness index of the XB_DCM water group was relatively higher than other
groups. However, the Shannon index of the XB_shallow water group was the highest in

FIG 1 Geographic map of the 30 sampling sites in the South China Sea (SCS). Solid dots represent sampling sites. The dots are profile locations labeled
with code numbers The darker blue colors represent the deeper waters.
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four groups. In the cyanobacteria survey (Fig. 4C and D), the results of alpha diversity also
showed the Richness index of the XB_DCM was the highest between the XB_shallow water
group and the XB_middle, XB_DCM, and XB_deep groups. In addition, the Shannon index
of the XB_shallow water group was lowest than other groups. Notably, the trend of
Shannon diversity of eukaryotic algae was opposite to that of cyanobacteria across sampling
depth.

Phytoplankton community composition and characteristics. The composition
and relative phytoplankton abundance at different sampling sites were compared at divi-
sion, class, genus, and species levels for eukaryotic algae and cyanobacteria, respectively
(Fig. S2 and S3). At the division level, we found that Ochrophyta (orange) and Chlorphyta
(blue) were the dominant eukaryotic algae at sampling sites XB2.3, XB2.4, XB3.3, XB4.2,
XB5.4, and XB5.5 from the seamount region of Xianbei (Fig. S2A and B). At the class level,
different classes of eukaryotic algae also showed uneven distribution patterns across sam-
pling sites, with Pelagophyceae and Mamiellophyceae being the dominant groups (Fig. S2C
and D). The dominant groups of phytoplankton at the division and class levels from the eu-
karyotic algae survey were mainly from sampling sites in the seamount region of Xianbei. In
addition, Prochlorococcus and Prochlorococcus MIT9313 were the most dominant genus
(Fig. S3A and B) and species (Fig. S3C and D), followed by Synechococcus and Synechococ-
cus PCC6307 in the cyanobacteria survey, respectively. In summary, the distribution of
richness and relative abundance of eukaryotic algae presented a significant geographical
distribution advantage in the seamount region of Xianbei. In contrast, Prochlorococcus of
cyanobacteria was dominant at almost all sampling sites.

HAB species composition and distribution in the seamount region of Xianbei.
Among 2,776 phytoplankton ASVs (including eukaryotic algae and cyanobacteria), 939
(33.8%) could be annotated to specific species, while 1,837 (66.2%) could not (Fig. 5), sug-
gesting phytoplankton diversity in the SCS is largely untapped. Among these 939 ASVs, 133
ASVs were annotated to 19 HAB species with one-to-one and many-to-one ASV-species rela-
tionships (Table 1). Specifically, 6 ASVs could be assigned to 6 HAB species with one-to-one
ASV-species relationships, and 127 ASVs could be assigned to 13 HAB species. The presence
of multiple ASVs corresponding to one species suggested that these species might have
high levels of genetic diversity, some of which might represent previously unreported cryp-
tic species. Among these 19 identified HAB species, 6 HAB species have not been reported

FIG 2 Overview of assemblages of phytoplankton in the South China Sea. Richness and relative abundance of phytoplankton at division (A) and class (B)
taxonomic levels.
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previously in the SCS, indicating the discovery power of ASV-based metabarcoding analysis.
These six HAB species are Gymnodinium aureolum (Dinoflagellata), Heterocapsa rotundata
(Dinoflagellata), Karlodinium veneficum (Dinoflagellata), Prymnesium polylepis (Haptophyta),
Thalassiosira diporocyclus (Bacillariophyta), and Pyramimonas parkeae (Chlorophyta).

Of the 19 annotated HAB species, 8, 5, 3, 1, 1, and 1 species belonged to Dinoflagellata,
Bacillariophyta, Haptophyta, Ochrophyta, Chlorophyta, and Cyanobacteria, respec-
tively. Among the eight dinoflagellates, all species were from the class Dinophyceae.
In addition, we found that different HAB species usually have different distribution pat-
terns in the sampling sites (Fig. S4). Furthermore, different ASVs of the same HAB spe-
cies displayed differential geographical distribution patterns, such as those ASVs anno-
tated as Phalacroma mitra (54 ASVs) and A. anophagefferens (27 ASVs). In particular,
HAB species A. anophagefferens and Phaeocystis globosa were more widely distributed
in the seamount region of Xianbei (XB) than in the Dongsha (DS) and Xisha (XS) sea
areas. In contrast, P. mitra species was widely distributed in three sea areas.

FIG 3 Alpha diversity indexes based on the normalized data for the surface water samples from Xisha (XS), Dongsha (DS), and Xianbei (XB) three studied
sea regions, in the eukaryotic algae survey (A) and cyanobacteria survey (B). To get a better view of the trend, the indexes of Richness and Shannon were
displayed with magnification. The indexes were generated with the ggplot2 package.
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To reveal the differences in HAB species composition and distribution along the depth
gradients in the seamount region of Xianbei, we further analyzed data from 19 HAB species
except for 3 HAB species Gonyaulax polygramma, Alexandrium leei, and P. parkeae (Fig. 6).
The results showed that several HAB species followed clear depth-specific trends in XB. The
A. anophagefferens species usually dominated the shallow waters (25, 225, and 250 m)
and deep chlorophyll maximum (DCM) (260 m), but its relative abundance decreased with
increasing depth, especially at sites XB2 and XB3. Furthermore, A. anophagefferens was the
only HAB species distributed at all sites in XB, both in deep and shallow waters. The relative
contribution of P. mitra showed a similar trend, with relative abundance generally
increasing with the increase in depth, at sites XB2, XB3, XB4, and XB5. Although P. glo-
bosa was not present at all sites, it showed a significant downward trend as water
depth increases, especially at the XB3 site, ranging from 230 m to 21,500 m. The con-
tribution of the other HAB species was small across all water depths but generally
higher in shallow than deep waters.

Phylogenetic network analyses of HAB species. Phylogenetic haplotype networks
were constructed using an agglomerative approach where clusters were progressively com-
bined with one or more connecting edges (Fig. 7). Based on the analysis results, we found
that the main branches connecting the nodes showed little reticulation in HAB species,
including D. acuminata, E. huxleyi, G. striata, G. aureolum, H. rotundata, K. veneficum, C. closte-
rium, P. globosa, P. polylepis, Pseudo-nitzschia seriata, and T. erythraeum. However, the network

FIG 4 Alpha-diversity indexes of the phytoplankton from four groups along the depth gradients in XB2 to XB5 from the seamount region of Xianbei, in the
eukaryotic algae survey (A and B) and cyanobacteria survey (C and D). Four groups: XB_shallow (25, 225, and 250 m), XB_DCM (260, 275, 280, and 290
m), XB_middle (2100, 2150, and 2200 m), and XB_deep (2300, 2500, 2800, and 21,500 m).
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structures were rather complex in HAB species P. mitra (Fig. 7, orange) and A. anophageffe-
rens (Fig. 7, blue), suggesting the possibility of gene flow among different haplotypes.

Among the 13 dominant HAB species, phylogenetic network analysis of the 54 ASVs
annotated as P. mitra displayed the highest diversity. Furthermore, the haplotype network
also showed ASV790, ASV793, and ASV798 were the three haplotypes with the highest pro-
portion. Notably, among the 27 ASVs identified in the species A. anophagefferens, ASV750
was the most abundant haplotype. For each HAB species identified in the seamount region
of Xianbei, a high level of intrapopulation genetic diversity was generally uncovered, indi-
cating the existence of a large number of cryptic species that have not been characterized
previously.

Correlation of HAB species with environmental factors in seamount region of
Xianbei. The water temperature (°C), dissolved oxygen (mg/L), density (kg/m3), nitrogen
saturation (mg/L) were 2.77 to 30.31°C, 2.82 to 7.05 mg/L, 1,013.35 to 1,034.57 kg/m3, and
10.97 to 16.68 mg/L, respectively (Table S3 and Fig. S5). Notably, these major environmen-
tal factors, including water temperature and oxygen, had an obvious downward trend
from shallow to deep waters. In contrast to the first two factors, the values of density and
nitrogen saturation generally increased with increasing water depth.

To explore the impact of environmental factors on HAB species, the correlation
between each HAB species and environmental factors was calculated. Through RDA analy-
sis, we found that HAB species at different sites were affected by different environmental
factors in the seamount region of Xianbei (Fig. S6). The results of RDA showed that the two
axes of the RDA plot explained 94.45% and 5.48% of the cumulative variances in the spe-
cies-environment relationship, respectively. While the two axes together explained 99.93%
of the variation. Dissolved oxygen and temperature were positively correlated with these
assemblages, which were two significant environmental factors affecting the community
of HAB species, compared to other factors. The biomass of A. anophagefferens and P. mitra
were positively correlated with oxygen and temperature and negatively correlated with
density and nitrogen saturation in the water of the seamount region of Xianbei.

Similarity between coastal waters and the seamount region of Xianbei of HAB
species. In this study, the results displayed 19 annotated HAB species at all sampling sites
in XB, XS, DS, and ZJK (XS8 and XS9) (Fig. 8A). To reflect the differences and similarities in
HAB species composition more intuitively, a Venn diagram and pie plot were constructed
at the species level in this study (Fig. 8B). The number of HAB species at the sampling sites
in XB, XS, DS and ZJK was 16, 11, 12, and 5, respectively. Among these sampling sites, we
found 13 shared HAB species, including 8 species in Dinoflagellata and 5 species in

FIG 5 A flowchart describing the ASVs annotation and processing procedure for HAB species.
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TABLE 1 The annotation information of HAB species and their corresponding ASVsa

ASV ID Division Class Species Group
ASV234 Dinoflagellata Dinophyceae Gonyaulax polygramma*b 1 vs 1
ASV628 Dinoflagellata Dinophyceae Alexandrium leei* 1 vs 1
ASV63 Dinoflagellata Dinophyceae Katodinium glaucum* 1 vs 1
ASV727 Bacillariophyta Coscinodiscophyceae Thalassiosira diporocyclus** 1 vs 1
ASV966 Bacillariophyta Bacillariophyceae Pseudo-nitzschia multiseries* 1 vs 1
ASV2465 Chlorophyta Pyramimonadophyceae Pyramimonas parkeae**c 1 vs 1
ASV750 Ochrophyta Pelagophyceae Aureococcus anophagefferens* 1 vs m
ASV979 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1163 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1177 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1251 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1313 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1525 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1562 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1578 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1665 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV1988 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2004 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2031 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2035 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2036 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2255 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2322 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2390 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2484 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2498 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2569 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2584 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2701 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2813 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV2967 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV3028 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV3052 Ochrophyta Pelagophyceae Aureococcus anophagefferens 1 vs m
ASV784 Bacillariophyta Bacillariophyceae Cylindrotheca closterium* 1 vs m
ASV1028 Bacillariophyta Bacillariophyceae Cylindrotheca closterium 1 vs m
ASV3121 Bacillariophyta Bacillariophyceae Cylindrotheca closterium 1 vs m
ASV844 Dinoflagellata Dinophyceae Dinophysis acuminata* 1 vs m
ASV951 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1117 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1123 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1202 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1776 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1827 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV1945 Dinoflagellata Dinophyceae Dinophysis acuminata 1 vs m
ASV862 Haptophyta Coccolithophyceae Emiliania huxleyi* 1 vs m
ASV1340 Haptophyta Coccolithophyceae Emiliania huxleyi 1 vs m
ASV2827 Haptophyta Coccolithophyceae Emiliania huxleyi 1 vs m
ASV3214 Haptophyta Coccolithophyceae Emiliania huxleyi 1 vs m
ASV1195 Bacillariophyta Coscinodiscophyceae Guinardia striata* 1 vs m
ASV1356 Bacillariophyta Coscinodiscophyceae Guinardia striata 1 vs m
ASV1599 Bacillariophyta Coscinodiscophyceae Guinardia striata 1 vs m
ASV1403 Dinoflagellata Dinophyceae Gymnodinium aureolum** 1 vs m
ASV2880 Dinoflagellata Dinophyceae Gymnodinium aureolum 1 vs m
ASV2977 Dinoflagellata Dinophyceae Gymnodinium aureolum 1 vs m
ASV3144 Dinoflagellata Dinophyceae Gymnodinium aureolum 1 vs m
ASV3167 Dinoflagellata Dinophyceae Gymnodinium aureolum 1 vs m
ASV15 Dinoflagellata Dinophyceae Heterocapsa rotundata** 1 vs m
ASV40 Dinoflagellata Dinophyceae Heterocapsa rotundata 1 vs m
ASV118 Dinoflagellata Dinophyceae Heterocapsa rotundata 1 vs m
ASV630 Dinoflagellata Dinophyceae Heterocapsa rotundata 1 vs m
ASV42 Dinoflagellata Dinophyceae Karlodinium veneficum** 1 vs m
ASV147 Dinoflagellata Dinophyceae Karlodinium veneficum 1 vs m
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TABLE 1 (Continued)

ASV ID Division Class Species Group
ASV569 Haptophyta Prymnesiophyceae Phaeocystis globosa* 1 vs m
ASV777 Haptophyta Prymnesiophyceae Phaeocystis globosa 1 vs m
ASV790 Dinoflagellata Dinophyceae Phalacroma mitra* 1 vs m
ASV793 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV798 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV864 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV871 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV881 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV889 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV925 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV930 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV937 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV972 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV986 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1009 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1041 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1062 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1068 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1079 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1087 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1098 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1099 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1127 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1129 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1148 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1159 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1161 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1192 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1199 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1206 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1239 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1266 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1285 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1327 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1417 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1432 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1493 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1499 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1517 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1537 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1558 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1604 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1630 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1633 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1663 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1682 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1750 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1777 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1834 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2040 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2462 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2663 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2667 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2943 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV3168 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV1093 Dinoflagellata Dinophyceae Phalacroma mitra 1 vs m
ASV2324 Haptophyta Coccolithophyceae Prymnesium polylepis** 1 vs m
ASV2765 Haptophyta Coccolithophyceae Prymnesium polylepis 1 vs m
ASV2961 Haptophyta Coccolithophyceae Prymnesium polylepis 1 vs m
ASV2969 Haptophyta Coccolithophyceae Prymnesium polylepis 1 vs m
ASV934 Bacillariophyta Bacillariophyceae Pseudo-nitzschia seriata* 1 vs m
ASV952 Bacillariophyta Bacillariophyceae Pseudo-nitzschia seriata 1 vs m
ASV957 Bacillariophyta Bacillariophyceae Pseudo-nitzschia seriata 1 vs m
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Bacillariophyta. Compared with the other areas, XB had a characteristic community of HAB
species. The number of shared HAB species in the three sampling regions including XB, XS,
and DS reached 8, with a proportion of 42.11%. Furthermore, the number of shared HAB
species between XB and ZJK was five, with a proportion of 45.45%, including A. anophagef-
ferens (Ochrophyta), P. mitra (Dinoflagellata), C. Closterium (Bacillariophyta), D. acuminata
(Dinoflagellata), and Pseudo-nitzschia seriata (Bacillariophyta).

DISCUSSION

Seamounts are “the least understood habitats on earth” and tend to have high bio-
mass and biodiversity, which are not only an important area of marine fishery in the
world but also hot areas of ecological environment research (18). However, compared
to other ocean areas, little research has been reported on phytoplankton in seamounts
of the SCS, especially on HAB species.

Several universal molecular markers with their versatility have been used to analyze
the species diversity and community structure of microbial populations (22). Generally,
lots of studies characterized the phytoplankton community and diversity with the short
hypervariable regions (V1 to V9) of the 18S rDNA gene, but Cyanobacteria taxa could
not be detected simultaneously (34). Fortunately, the metabarcoding approach with
the universal primer set (515Y/926R) is ideal for quantifying marine primary producers,
including both eukaryotic algae and cyanobacteria (25, 35). Therefore, the primer set
(515Y/926R) was chosen as the best-performing primer pair for amplicon sequencing
in this study. Nevertheless, there were some inevitable shortcomings to evaluate the
abundance solely relying on high-throughput sequencing, mainly because the relative
abundance of some species might be overestimated (36). First of all, water samples
usually consist of nucleic acids derived from living, dormant, and inactive/dead phyto-
plankton cells, as well as extracellular free DNA molecules. Second, rDNA gene sequen-
ces of some dinoflagellate genomes have a large number of repeats, making it difficult
to directly link read numbers to the abundance of an individual organism (28, 37, 38).
Third, PCR amplification bias can result in a large amount of missing data or an overes-
timation of diversity and may lead to a misinterpretation of species composition,
including the dominance of certain groups (39, 40). Therefore, although the environ-
mental water samples were not identified in this study based on morphology, we need
to apply morphological identification to quantify phytoplankton species cells more
accurately in the future.

In this study, 9 divisions and 22 classes of phytoplankton were detected by the metabar-
coding approach. Among them, Cyanobacteria was found to be the dominant division,
exhibiting the highest richness and relative abundance in samples of the SCS. On the one
hand, the SCS was characterized as an oligotrophic environment, where cyanobacteria could
adapt well and grow better than eukaryotic algae (41). Compared with other databases
including PR2 and DINOREF (42, 43), the rRNA database SILVA 138 had a richer and more
complete classification (44). However, in this study, a relatively higher abundance of unclas-
sified ASVs (NA cyanobacteria) appeared in Xianbei sites. These unclassified ASVs may be
new species, but it is also possible that a large number of unmatched sequences are caused

TABLE 1 (Continued)

ASV ID Division Class Species Group
ASV960 Bacillariophyta Bacillariophyceae Pseudo-nitzschia seriata 1 vs m
ASV969 Cyanobacteria Cyanophyceae Trichodesmium erythraeum* 1 vs m
ASV1218 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
ASV1842 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
ASV2299 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
ASV2619 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
ASV2769 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
ASV2953 Cyanobacteria Cyanophyceae Trichodesmium erythraeum 1 vs m
a1 vs 1 indicates one ASV-one species relationship; 1 vs m indicates one species-multiple ASVs relationship. Relevant information of HAB species can be found in references
1, 65, 66.

bThe symbol * is for HAB species that have been reported in the SCS.
cThe symbol ** is for HAB species that have not been reported in the SCS.
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by the inadequacy of the reference database (45, 46). In addition, Dinoflagellata was the
most dominant group, followed by Chlorophyta in the eukaryotic algae survey.
Dinoflagellata was also previously reported to be the most dominant division in the
Western Pacific regions, which may due to environmental conditions (7, 47). However,
among 2,776 phytoplankton ASVs, only a small portion (939 ASVs, 33.83%) could be anno-
tated as single species, whereas the vast majority (1,837, 66.17%) could not be annotated,
suggesting that phytoplankton (especially HAB species) in the SCS are seriously underesti-
mated. Because of the limitation of current phytoplankton databases, most ASV sequences
could not be properly annotated in this study. Thus, a more comprehensive phytoplankton
reference database is urgently needed.

Additionally, in this study, the results of diversity analysis showed fluctuations in marine
phytoplankton diversity (including eukaryotic algae and cyanobacteria) at different sample
sites in the SCS. The diversity indexes of samples XB16.1 and XB4.1 in the XB sampling site

FIG 6 Distribution and abundance of 16 HAB species in the seamount region of Xianbei along the depth gradients. The size of the red
circle represents the percentage of the relative abundance.
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were higher than others, suggesting a stable phytoplankton community. Our results also
showed that phytoplankton diversity and richness were higher in XB than in DS and XS off
the seamount regions. This phenomenon was also observed in other seamounts in previ-
ous studies. For example, Dai et al. (18) showed that phytoplankton biomass was enhanced
on the seamount in the tropical western Pacific. Meanwhile, their results of physicochemi-
cal characteristics supported the classic hypothesis of the seamount effect. In the classic hy-
pothesis, upwelling in the euphotic zone is an important process contributing to high bio-
mass above seamounts, because it can advance vertical mixing and supply nutrients to the
upper zone to promote marine primary productivity (15). Moreover, previous studies also
found increased phytoplankton biomass near the shallow seamounts in the northeastern
Atlantic, including the Great Meteor Tablemount (GMT) (48), Seine seamount (49), and
Gorringe Bank (19). However, some studies did not find this phenomenon that phytoplank-
ton biomass was enhanced on the seamount (50). Even on the same seamount, the phe-
nomenon did not exist at all times (51). In addition, in this study the diversity of phyto-
plankton community with a slight downward trend from the open sea to the Pearl River
Estuary, which suggested that the environmental conditions in the open sea were less
stressed near the Pearl River Estuary. As global warming and eutrophication due to the
increased nutrient loading from human activities, HABs occurred frequently in the coastal
waters near the Pearl River Estuary in recent decades (14, 52). This may be the reason for
the low diversity of phytoplankton species in nearshore waters.

Several studies on the diversity of microbial eukaryotes in the different depths of water
have been carried out in the SCS (38, 53). In the present study, the analysis of alpha diversity
along the depth gradients in the seamount region of Xianbei suggested that the communities
of eukaryotic algae and cyanobacteria were both shaped by water depth. In the both eukaryo-
tic algae and cyanobacteria surveys, the richness index in the DCM (260, 275, 280, and
290 m, XB_DCM) was relatively higher than that of the samples from the shallow (25, 225,
and 250 m, XB_shallow), middle (2100, 2150, and 2200 m, XB_middle) and deep water
(2300, 2500, 2800, and 21,500 m, XB_deep). Dai et al. (18) also showed consistent results
that picophytoplankton was the dominant group in the DCM. However, the diversity of the
XB_shallow group was the highest in the eukaryotic algae survey and lowest in the cyanobac-
teria survey in the different four groups. Light is the driving force of photosynthesis, but exces-
sive light could inhibit photosynthesis and damage phytoplankton growth (41). In summer,
the surface phytoplankton community in the SCS basin area is dominated by picocyanobacte-
ria, Prochlorococcus, and Synechococcus (54). Moreover, lots of eukaryotic algae belong to

FIG 7 Phylogenetic network analyses of dominant HAB species identified in the seamount region of Xianbei. The size of the circles represents the relative
abundance of each ASV.
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mixotrophy (e.g., Karlodinium veneficum), which also can survive by grazing on cryptophytes,
diatoms, dinoflagellates and prokaryotes (55, 56). Combined with the above analysis, we
found the major groups of Dinoflagellate, Ochrophyta, and Bacillariophyta in the depth range
from 2200 to 21,000 m. Similarly, a high richness of Cyanobacteria (mainly Prochlorococcus
and Synechococcus) was found in the deep sea. Previous studies have reported the presence
of phytoplankton cells and healthy photoautotrophic cells, especially diatoms, in the deep sea
(down to 24,000 m) (57). In addition, Xu et al. (38) have confirmed the presence of not only
live but also active photoautotrophic microbial eukaryotes in the deep sea in the SCS.

Our analyses revealed numerous HAB species, many of which were first reported in the
SCS, demonstrating the advantage of the metabarcoding approach in detecting HAB spe-
cies composition in the phytoplankton community. Among the ASVs, 133 ASVs were anno-
tated to 19 HAB species with one ASV-one species relationship and multiple ASV-one
species relationships. Of these 19 annotated HAB species, 6 were first reported in the SCS,
while 16 (84.21%) were found in XB. In this study, we revealed that the HAB species in XB
significantly more than the surrounding sea areas in the SCS. Among the 16 HAB species,
A. anophagefferens, P. mitra, and P. globosa were more widely distributed in XB. For instance,
the spherical, nonmotile, picoplanktonic (2 to 3 mm) pelagophyte A. anophagefferens had
caused “brown tides” and consequently disastrous mortalities in the cultured shellfish and

FIG 8 Comparison of HAB species in the seamount region of Xianbei (XB), Dongsha (DS), Xisha (XS), and the Pearl River Estuary (ZJK). (A) The presence (orange)
and absence (blue) pattern of 19 HAB species in XB, DS, XS, and ZJK. (B) Venn diagrams of HAB species in XB, DS, and XS and in XB and ZJK.
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disruptive effects on seagrass beds and other natural resources in the United States, South
Africa, and China (11). However, A. anophagefferens had been greatly overlooked in phyto-
plankton studies for a long time. Its small size and morphological similarity to other algal
species make it extremely difficult to identify. In this study, 27 different ASVs were assigned
to A. anophagefferens, implying that it had a diverse genetic diversity and was not only
mainly distributed in XB but also inhabited the deep sea (down to 21,500 m). Early studies
showed that different genetic diversity of an algal species may have different physiological
characteristics and distribution patterns, and may make different contributions to the forma-
tion of algal blooms (9, 58, 59). Furthermore, seamounts not only provided special habitats
for species reproduction but also provided abundant seeds for coastal regions as a “seed
bank” (15). Previous studies have shown that physical processes will form a “seamount
effect,” which promotes phytoplankton growth and increases primary and secondary pro-
ductivity. Therefore, the relatively high abundance of A. anophagefferens may be influenced
by the seamount. However, it cannot be ruled out that the relatively high abundance of A.
anophagefferens is caused by other factors, such as sampling and sequencing method, sea-
son, water depth, water current, etc. Although there were no records of blooms caused by
A. anophagefferens in the SCS, measures should be taken to prevent such an occurrence,
rather than mitigating the effects when “brown tides” occur.

There were 5 shared HAB species in all sampling sites. Among them, A. anophageffe-
rens and P. mitra showed higher abundance in XB, which were frequently found in ma-
rine water, especially in coastal waters, and often became the dominant species of
HABs. As reported previously, P. globosa was one of the most frequent HAB-forming
species along the coast of Guangdong and displayed a rich genetic diversity in the
field (14, 58, 59). The cooccurrence of 5 HAB species in the Xianbei seamount region of
SCS, and in the ZJK suggested a potential correlation among these distinct ocean
regions, possibly via ocean currents. Dai et al. (60) confirmed their hypothesis that the
blooms of Prorocentrum donghaiense developed from the population at the Taiwan
Warm Current (TWC) front in the East China Sea (ECS), suggesting the role of the ocean
current front as a “pelagic seed bank” to dinoflagellate blooms. In agreement with the
results obtained in this study, previous findings demonstrated that ocean currents can
carry HAB species into coastal waters (7, 60). For future studies, seasonal water samples
of other seamount regions of the SCS should be collected to do a comparative study.

Conclusions. In this study, we described the phytoplankton diversity, community com-
position, and spatial distribution of HAB species in the SCS during August and September
of 2021. Picophytoplankton, mainly Prochlorococcus and Synechococcus, were the domi-
nant groups in the surface waters of the studied areas. Meanwhile, our results also showed
that phytoplankton diversity and richness were higher in the seamount region of Xianbei
than in the neighboring open ocean, consistent to the classic “seamount effect” hypothe-
sis. To the best of our knowledge, this was the first study of focusing on the diversity and
distribution of HAB species in the seamount of Xianbei in the SCS. Moreover, our study
highlighted the strength of the ASV-based metabarcoding approach in discovering unde-
tected or unreported HAB algal species in previous studies. Our results also revealed the
presence of picophytoplankton in the dark and deep SCS. In addition, the results of the
similarity analysis of HAB species composition between XB and ZJK (Pearl River Estuary)
indicated that there might be a tight connection between seamount and coastal waters. In
the future, further efforts encompassing morphological studies as well as environmental
surveys combined with the metabarcoding approach in various seamounts will surely
reveal more “hidden” diversity and composition of poorly understood HAB species.

MATERIALS ANDMETHODS
Location and sample collection. The sampling sites are located in the South China Sea (16°109-22°029

N, 114°229-118°219 E), which is one of the largest marginal seas in the world with an average depth of 1,212
kilometers and is a semiclosed sea surrounded by nine countries (Fig. 1). The expedition, which was carried out
during August and September in 2021 on research vehicle “Shenkuo,” was supported by the Southern Marine
Science and Engineering Guangdong Laboratory (Zhuhai). Water samples were collected at 30 sampling sites
belonging to three ocean regions in the SCS. Among these sites, XS3.1 to XS9.1 are located in the Xisha (XS)
sea areas, particularly, XS8.1 and XS9.1 are located near the mouth of the Pearl River Estuary. In addition, DS6.1
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to DS17.1 are located in the Dongsha (DS) sea areas. XB1.1 to XB20.1 are located in the seamount region of
Xianbei (XB). Among these sites, the numbers after the decimal point represent different depths.

At each sampling site, 2 L seawater at different depths was collected, with the sampling depths ranging
from 25 m (i.e., surface) to 21,500 m, using a rosette sampler equipped with a SeaBird CTD (conductivity-
temperature-depth) system (Ocean Test Equipment, Inc., Fort Lauderdale, FL, USA). Water samples were first
prefiltered using 200mmmesh to remove large suspended solids, larger zooplankton and phytoplankton, fol-
lowed by a secondary filtration through a 0.2mm polycarbonate membranes (Millipore, USA) using a vacuum
filtration pump with negative pressure below 50 kPa. The filter membranes were transferred in tubes and
were then snap-frozen in liquid nitrogen and stored at 280°C until DNA extraction. The water temperature
(°C), dissolved oxygen (mg/L), density (kg/m3), and nitrogen saturation (mg/L) were measured for all samples
collected during the expedition. Major physicochemical characteristics were measured using a SeaBird CTD
system (Ocean Test Equipment, Inc. Fort Lauderdale, FL, USA) on board.

DNA extraction, PCR amplification, and high-throughput sequencing. Extraction and purification
of environmental DNA from the samples’ membranes were carried out using the HP Plant DNA kit (Omega,
USA) according to a modified manufacturer's protocol previously described by Huang et al. (27). Finally, DNA
concentrations were quantified using a Nanodrop 2000 instrument (Thermo Fisher Scientific, USA). The
extracted genomic DNA samples were stored at 280°C until being used as the temple for PCR amplification.
DNA was amplified with the 515Y/926R primers (515Y: 59-GTGYCAGCMGCCGCGGTAA-39/926R: 59-CCGYCA
ATTYMTTTRAGTTT-39) (35) using 0.5 ng of DNA template in a 25-mL reaction mixture with a final primer con-
centration of 0.3 mM. Both forward and reverse primers were tagged with Illumina adapter and sample-spe-
cific barcodes. All primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Thermal cycling
consisted of initial denaturation at 95°C for 120 s, followed by 30 cycles of denaturation at 95°C for 45 s,
annealing at 50°C for 45 s, elongation at 68°C for 90 s, and a final extension at 68°C for 300 s.

The degradation and contamination of PCR products were examined on 2% agarose gels, followed by
purifying with the Qiagen Gel Extraction kit (Qiagen, Germany) according to the manufacturer’s instruc-
tions. The libraries were generated using a TruSeq DNA PCR-Free Sample Preparation kit (Illumina, USA)
following the manufacturer’s recommendations. The quality of sequencing libraries was assessed on the
Qubit 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100. The libraries were subsequently
sequenced on an Illumina NovaSeq platform (Illumina, Santa Clara, CA, USA; Novogene, Beijing, China),
and 250-bp paired-end reads were generated.

Data processing of amplicon sequencing data. Amplicon sequences were analyzed using the QIIME2
toolkit v2021.11 (61) following the Fuhrman lab protocol (https://github.com/jcmcnch/eASV-pipeline-for-515Y
-926R) as previously described (25, 62). Briefly, raw Illumina NovaSeq sequencing reads were first trimmed using
cutadapt v3.5 to remove sequencing adaptors and PCR primers with an error rate of 0.2. Then clean reads were
further split into 16S and 18S rRNA pools using a custom 16S/18S databases derived from SILVA 138 rRNA data-
base (from Latin silva, forest, http://www.arb-silva.de/) (44) and Protist Ribosomal Reference database (https://
github.com/pr2database/pr2database, PR2) (42). For each pool, amplicon sequence variants (ASVs) were con-
structed separately using the DADA2 (29) R package on the QIIME2 platform. Since the forward and reverse shot-
gun reads do not overlap for 18S rRNA amplicon data, we trimmed the forward reads to 210 bp and reverse
reads to 170 bp following the protocol’s instructions using BBduk.sh and directly concatenated the trimmed for-
ward and reverse reads using fuse.sh from the BBtools suite (https://sourceforge.net/projects/bbmap/). Then the
concatenated 18S rRNA reads were denoised using the DADA2 denoise-single command with default parame-
ters. After that, 16S rRNA ASVs were taxonomically classified against the SILVA 138 database, and Chloroplast 16S
rRNA ASVs and 18S rRNA ASVs were classified against the PR2 database. ASVs assigned to the mitochondria fam-
ily were discarded in the following analysis.

Bioinformatics analysis. Only ASVs that were supported by two or more reads in at least one sam-
ple were included in further analysis. The classification of phytoplankton ASVs in this study was based
on algaebase (http://www.algaebase.org). For ASVs that were not successfully annotated (including the
ASVs identified as chloroplasts) were further annotated by searching against NCBI NT database using
BLASTN (E value = 1026) with a percent identity threshold of 99%. Finally, ASVs were divided then into
two groups, depending on whether a one-to-one or many-to-one relationship can be established
between ASVs and phytoplankton species.

The rarefaction curves were plotted with ASVs richness for each sample using the vegan package in R
(https://www.r-project.org). Other community diversity parameters were also analyzed using vegan, including
Richness (ASV richness), Chao1, Shannon diversity, Simpson diversity, Pielou’s evenness, ACE, and Good’s cov-
erage (27). The sampling locations were visualized using a grid-based mapping program Surfer 16.0 (Golden
Software). In addition to analyzing the relative abundance of phytoplankton at the species level, we also ana-
lyzed the richness indexes and relative abundance of these samples at the division and the class level using
R. The phylogenetic haplotype networks were constructed using the statistical parsimony algorithm imple-
mented in the TCS network (63). Haplotype networks were visualized in PopART v1.7 (64). Correlations
between the community of HAB species and water quality parameters were identified by linear model-based
redundancy analysis (RDA) in R using Spearman's correlation coefficients.

Data availability statement. The data sets generated during the current study are available from the
corresponding authors on request. Illumina raw sequences are available on NCBI’s sequence read archive
(SRA) at BioProject: PRJNA880762.
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