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Abstract

Most of reported harmful algal blooms (HABs) of microalgae (75%) have been caused by dinoflagellates. Studies
on the negative effects of HABs have generally focused on animals, valuable organisms in particular, and
environmental factors such as dissolved oxygen and nutrients, but relatively fewer on community level,
particularly that using metagenomic approach. In this study, we reported an investigation on the effects of a HAB
caused by the dinoflagellate Prorocentrum donghaiense on the species diversity and community structure of the
dinoflagellate sub-community via a pyrosequencing approach for the samples taken before, during, and after the
bloom season of P. donghaiense in the East China Sea. We sequenced partial 28S rRNA gene of dinoflagellates for
the field samples and evaluated the species richness and diversity indices of the dinoflagellate community, as a
sub-community of the total phytoplankton. We obtained 800 185 valid sequences (categorized into 560
operational taxonomic units, OTUs) of dinoflagellates from 50 samples and found that the biodiversity of
dinoflagellate community was significantly reduced during the blooming period in comparison to that in pre- and
after-blooming periods, as reflected in the four diversity indices: the species richness expressed as the number of
OTUs, Chaol index, Shannon index (evenness), and Gini-Simpson index. These four indices were all found to be
negatively correlated to the cell density of the bloom species P. donghaiense. Correlation analyses also revealed
that the P. donghaiense cell abundance was correlated negatively with NO; -N, and NO, -N, but positively with
total nitrogen (TN) and total phosphorus (TP). Principal coordinates analysis (PCoA) showed that the community
structure of dinoflagellates was markedly different among the different sampling periods, while the redundancy
analysis (RDA) revealed P. donghaiense abundance, salinity, NO; -N, and SiO%~ were the most four significant
factors shaping the dinoflagellate community structure. Our results together demonstrated that HABs caused by
the dinoflagellate P. donghaiense could strongly impact the aquatic ecosystem on the sub-community level which
the blooming species belongs to.
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1 Introduction

Harmful algal blooms (HABs) have been increasing globally
in extension and impacts on public health, aquaculture industry,
fisheries, and ecosystems such as oxygen depletion, reduction in
water quality (Anderson et al., 2012, 2002; Smayda, 1990). Among
all HABs-causing species, dinoflagellates are the most important

contributors, as about 75% of reported HABs were caused by
dinoflagellates (Smayda, 1997). Dinoflagellates have a number of
characteristic features (Burkholder et al., 2006) and are one of the
most important primary producers and a vital component of cor-
al reef symbiotic system (Aranda et al., 2016; Lin et al., 2015).
While HAB events may be caused by a variety of environmental
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and autecological factors such as illumination, water temperat-
ure, nutrients availability, growth rate, vertical migration, and
special life history (Anderson et al., 2002; Xu et al., 2010), as feed-
backs, HABs may cause many negative effects on the ecosystems
that can be viewed from different levels (from ecosystem, com-
munity to sub-cellular and molecular levels) and aspects (physic-
al, chemical, biological, public health, and economic). In general,
previous studies on the negative effects of HABs have been
mainly focused on fisheries, aquaculture, and human public
health (Anderson et al., 2012; Landsberg, 2002), relatively fewer
studies, however, have investigated the effects of HABs on the
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level of community, and even fewer using high throughput meta-
genomic approach, such as phytoplankton community diversity,
community structure, function and stability (Cui et al., 2018;
Zhou et al., 2018). This oddness was at least partly due to the lim-
itations in how to obtain comprehensive lists of species and
identify species of small sizes, simple or similar morphologies,
low abundances, and to process numerous samples efficiently.
Conventional methods for identifying and quantifying phyto-
plankton species from field samples generally involved in the use
of light microscopy, and sometimes were aided with flow cyto-
metry and alike, pigment analysis, however they all have limita-
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Fig. 1. Locations of sampling sites in the Sansha Bay, Ningde, China.
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Table 1. Categorization of samples according to sampling timing (pre-, during, and after blooms) and locations

0331 Non-blooming 0422 Blooming 0503 Blooming 0513 Blooming 0531 Non-bloomig 0719 Non-blooming

Sample ID A0331a A0422a E0503a A0513a A0531a A0719a
A0331b A0422b E0503b A0513b A0531b A0719b
B0331a B0422a A0503a B0513a B0531a BO719A
B0331b B0422b A0503b B0513b B0531b B0719b
C0331a C0422a B0503a C0513a C0531a C0719a
C0331b C0422b B0503b C0513b C0531b C0719b
D0331a D0422a C0503a D0513a Do0531a D0719a
D0331b D0422b C0503b D0513b D0531b D0719b

D0503a

D0503b

tions in identifying and quantifying those species of highly small
sizes, simple or similar morphologies, low abundances, and nov-
el taxa that have not been described (Chai et al., 2018). With the
development of molecular approaches, high-throughput gene se-
quencing (e.g., 18S and 28S rRNA genes) have recently been in-
creasingly applied to environmental samples to conquer these
limitations (Chai et al., 2018, 2020; Vaulot et al., 2008; Xu et al.,
2017; Zhou et al., 2018). The well-developed, high-throughput se-
quencing allows us to deeply sequence environmental samples
and to sensitively and accurately identify species, and thus de-
tect slight changes at the community level (Miao et al., 2017;
Schneider et al., 2017; Sunagawa et al., 2015).

In this study, we investigated the effects of blooms of a com-
mon HABs-causing dinoflagellate in China, Prorocentrum dong-
haiense, on the dinoflagellate sub-community level, which the
bloom species belongs to, in terms of species richness and other
biodiversity indices by applying a high-throughput amplicon se-
quencing approach. We applied a pair of particularly designed
primers targeting the large subunit rRNA gene to sequencing the
samples taken before, during, and after P. donghaiense blooming
from the Sansha Bay, Fujian Province, China. We also measured
other variables including cell density of P. donghaiense, chloro-
phyll content, nutrients (total nitrogen (TN), nitrate (NO3 -N), ni-
trite (NO; -N), ammonium (NH} -N), total phosphorus (TP),
phosphate (PO3™-P), silicate (Si03 ")), salinity, and temperature
to examine the interactions among these variables, P. dong-
haiense blooms, and the dinoflagellates community succession.

2 Materials and methods

2.1 Sampling sites, dates and procedures

The study area, Sansha Bay, is located at the northeast to
Ningde, Fujian Province (26°44.5'-26°54.5'N, 120°10.9'-
120°11.3'E), one of Fujian Province’s major aquaculture water in
the East China Sea (Fig. 1), where has observed highly frequent
HABs caused by P. donghaiense, Karenia mikimotoi, and, occa-
sionally, other species (Lin et al., 2014; Lu et al., 2005; Yao et al.,
2006). There were about 161 HAB incidents during 2001-2010
and 65 events between 2011 and 2015, amongst them P. dong-
haiense being the main causative species (State Oceanic Admin-
istration, 2001-2015).

From March to July, 2016, we conducted six cruises and col-
lected a total of 50 samples, which covered pre-, during, and
post-bloom periods. Four or five sampling sites were selected in
the study area (Table 1). March 31 (0331) was a time prior to the
bloom, the dates April 22 (0422), May 3 (0503), May 13 (0513)
were categorized as during-bloom period based on cell counts of
P. donghaiense, with May 3 observing the peak of a bloom, and
May 31 (0531) and July 19 (0719) were categorized as post-bloom

period. Here, we simply define a bloom according to chlorophyll
a (Chl a) content and dominant specie concentration, with Chl a
content higher than 5 pg/L when there is a dominant species
(Jonsson et al., 2009) and 20 000 cells/mL of the dominant spe-
cies, with an awareness of no commonly accepted standard of
cell density to define a bloom. The sample IDs include sampling
sites (A, B, C, D, E), sampling dates (0331, 0422, 0503, 0513, 0531,
0719), and the duplicate letters a and b. For example, the sample
ID A0331a refers to the first sample taken on March 31 from Site A.

Water temperature and salinity were measured on site using a
hand-held thermometer (BoBang Ltd, China) and a refractomet-
er (Atago Ltd, Japan). Water samples were taken from 0.5 m be-
low the surface and transferred into 5 L polyethylene bucket.
Plankton samples for DNA extraction were collected by filtering
1.5 L water through a hydrophilic polycarbonate membrane (47 mm
diameter, 0.4 pm pore size, Merck Millipore Ltd, Germany) with
duplicates, put into an icebox and then -20°C immediately after
arriving the laboratory and then stored at -80°C until DNA ex-
traction. Water samples (1 L) were also fixed with Lugol’s iodine
solution (final concentration, 2%) for counting cells of P. dong-
haiense using plankton counting chamber under an inverted light
microscope (IX73, Olympus, Tokyo, Japan). Samples for NO;z -N,
NO, -N, NH; -N, PO} -P, and SiO3~ were filtered through What-
man GF/C filters (pore size ~1.2 pm), and added 2 drops of chlo-
roform per 100 mL sample. Samples for TN (total nitrogen) and
TP (total phosphorous) were pretreated by adding two drops of
98% sulfuric acid per 100 mL sample. Samples for Chl a (at least
500 mL for each sample) were filtered onto Whatman GF/F glass
fiber filters (pore size ~0.7 pm) and frozen until analysis. All
samples were immediately transported to the laboratory in cold
conditions and subjected to measurements of the nutrients and
Chla.

2.2 Measurements of nutrients and other variables

NO;-N, NO, -N, NHI—N, POif—P, and SiO? were analyzed
colorimetrically using a nutrient analyzer (Skalar Ltd, Nether-
land) according to the protocols of JOGFS report No. 19 (JOGFS
International Project Office, 1994). For TN and TP analyses,
samples were digested using potassium persulfate under high
temperature (115°C, 30 min) according to the standard protocol
(Valderrama, 1981), and then the treated samples were also ana-
lyzed colorimetrically using the nutrient analyzer. Chl a was ex-
tracted with 90% aqueous acetone, and measured fluorometric-
ally using a Turner Designs fluorometer (Parsons et al., 1984).

2.3 Primer design, DNA extraction, PCR amplification, and
pyrosequencing
The forward and reverse primers were designed to target the
partial 28S rRNA gene (rDNA) including the highly variable D2
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domain mainly for dinoflagellates. Reference sequences of 28S
rDNA for microalgae of different groups and ciliates were selec-
ted and aligned with that of dinoflagellates to verify the suitabil-
ity of the selected oligonucleotide sequences as primers using
Primer 3 (Rozen and Skaletsky, 2000). The specificity of the gen-
erated primer candidates were checked against the GenBank se-
quence collection by a standard nucleotide-nucleotide BLAST
search for the sake of amplifying all dinoflagellates, resulting in
the primers as follows: forward primer LSU347 (5'-CAAGTAC-
CATGAGGGAAA-3’) and reverse primer LSU929 (5'-
ACGAACGATTTGCACGTCAGTA-3").

Genomic DNA was extracted with a plant DNA extraction kit
(Tiangen, Beijing, China) according to the manufacturer’s pro-
tocol. PCR was then conducted in 20 pL reaction mixture con-
taining 2 pL of deoxynucleoside triphosphate at a concentration
of 2.5 mmol/L, 0.8 pL of forward and reverse primers (5 pmol/L
each), respectively, 0.4 pL FastPfu Polymerase, 5x FastPfu Buffer
4 pL, and 1 pL of template DNA (final amount 10 ng) under the
following PCR conditions: 94°C for 5 min, 35 cycles of 94°C for 30 s,
46°C for 30 s, and 72°C for 30 s and 72°C for 10 min extension.
PCR amplicons were purified with an AxyPrep DNA gel extrac-
tion kit (Axygen, USA) and quantified using the QuantiFluor-ST
Fluorescence quantitative system (Promega, USA). Amplicons
from different water samples were then mixed to achieve equal
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mass concentrations in the final mixture, which was then
pyrosequenced using a 454 Genome Sequencer (GS) FLX Titani-
um platform (LC-Bio Technology Co. Ltd, Hangzhou, China) as
previously described (Sun et al., 2014). FASTA-formatted se-
quences and corresponding quality scores (QC) were extracted
from the “.sff” data file using the GS Amplicon software package.
Raw sequencing data of this study have been deposited in the
NCBI database under Accession No. SRR8163577.

2.4 Statistics and bioinformatic analyses

Aligned sequences were clustered into operational taxonom-
ic units (OTUs) defined by 97% similarity (identity) using the av-
erage neighbor algorithm. The taxonomy assignment of OTUs
was done by Global Alignment for Sequence Taxonomy (GAST)
process (Huse et al., 2008). Community diversity parameters
((Shannon index, Gini-Simpson index (1-4), and Chaol index (as
an asymptotic species richness estimator)) for each sample were
calculated as described in the Mothur software manual (http://
www.mothur.org/). Principal coordinates analysis (PCoA) were
conducted at the OTU level with the community ecology pack-
age (http://www.mothur.org/). Redundancy analysis (RDA) was
performed to analyze the major environmental factors affecting
the community structure using the R-vegan and R-map tools for
Linux (Legendre et al., 2011). Spearman’s rank correlation coeffi-
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Fig. 2. The cell density of P. donghaiense and the chlorophyll a of different samples in the coastal waters of the Sansha Bay, Ningde,
China. Error bars indicate +1xSD. a. Chlorophyll a, and b. cell density of P. donghaiense.
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Table 2. The ratio of dissolved inorganic nitrogen (DIN) to dis-
solved inorganic phosphorus (as PO3~-P) (DIN/DIP)

Date Max Min Mean+SD
0331 21.5 18.8 20.4%1.2
0422 17.8 4.0 8.3+6.4
0503 14.6 34 6.915.2
0513 5.8 3.4 4.1+£1.2
0531 46.9 7.4 27.4+19.7
0719 9.9 4.7 7.0£2.2

cient (or Spearman’s rho) was calculated to measure possible
correlation between two variables using the software SPSS 22.0.
Since the Spearman correlation evaluates the monotonic rela-
tionship between two variables that they may tend to change to-
gether but not necessarily at a constant rate, we chose to use the
Spearman correlation coefficient, as we assumed that the two
variables might be correlated but not necessarily correlated lin-
early. The significance level was set at 0.05 for all tests unless oth-
erwise stated.

3 Results

3.1 Variations and dynamics of P. donghaiense cell density, Chl a
content, and nutrients

During the six cruises from March to July of 2016, P. dong-
haiense reached the maximum cell density of ~4.3x105 cells/mL
on May 3 (Fig. 2). The cell density of P. donghaiense was 270 cells/mL
on March 31 (pre-blooming) and the lowest cell density of 83 cells/mL
was on July 19 (after blooming). During the blooming period of
late April to early May, P. donghaiense abundance ranged from
300 to ~4.3x10° cells/mL. However, among the sampling sites, P.
donghaiense cell density varied significantly, with Site B or Site C
having significantly higher abundance than that of Site A
(p<0.05).

The Chl a level ranged from 0.3 to 26.8 pg/L, with the highest
observed at Site D on May 3, where and when the bloom of P.
donghaiense was observed (with a cell density of P. donghaiense
~5.0x10% cells/mL). There existed a significant positive correla-
tion between P. donghaiense cell density and Chl a (Spearman
rho=0.54, p<0.05), indicating P. donghaiense was one of, but not
the only, major contributors of phytoplankton biomass. Strik-
ingly, it is noteworthy that for the sample B0503, there was a dis-
crepancy between Chl a and the cell abundance of P. dong-
haiense (Fig. 2), which we think was possibly due to a lower Chl a
content per cell for P. donghaiense relative to that of other phyto-

plankton species such as diatoms and green microalgae because
of the highly small-sized cells and pigment composition of P.
donghaiense. In addition, the extremely high abundance of P.
donghaiense during the blooming period (e.g., early May) also
decreased the abundance of other phytoplankton with higher Chl
a content per cell.

Water temperature ranged from 13.9°C to 29.5°C during the
sampling period. No significant correlation was observed
between water temperature and Chl a (Spearman rho=0.16, p >
0.05), neither between temperature and P. donghaiense cell dens-
ity (Spearman rho=-0.19, p>0.05). Regarding the correlations
between nutrients and P. donghaiense cell density, we observed
no correlation for NH; -N and PO} -P, but P. donghaiense cell
density significantly correlated with NO; -N, NO, -N, TN, TP, and
SiO5 ™, respectively (p<0.05), with NO; -N and NO; -N being neg-
ative (Spearman rho=-0.59 and -0.60, respectively; p<0.05), and
TN, TP, and SiO3~ being positive (Spearman rho=0.75, 0.84, and
0.51, respectively; p<0.05), indicating N and P as supporting or
driving factors for the bloom of P. donghaiense. The ratios of dis-
solved inorganic nitrogen (DIN, the sum of NO;-N, NO, -N and
NH -N) to dissolved inorganic phosphorus (DIP, as PO3"-P)in
the surface water tended to decrease along with the develop-
ment and maintenance of bloom (Table 2). At the beginning of
the survey (March 31), the DIN to DIP ratios in the surface layer
was 18-22 on average, while, during the blooming period of P.
donghaiense, the ratio showed a downward trend in general. On
May 13, the ratio reached the minimum (3.4, Table 2). There exis-
ted a significant negative correlation between P. donghaiense cell
density and DIN/DIP (Spearman rho=-0.64; p<0.05).

3.2 General description for pyrosequencing results

A total of 800 185 valid sequence reads of dinoflagellates with
an average length of about 400 bp were generated from the 50
samples (Table S2). By clustering the unique sequences at 97%
similarity level, these dinoflagellate sequences were grouped in-
to 560 OTUs, with the number of OTUs ranging from 39 to 304 per
sample. The highest richness was observed in the sample C0719b
(after bloom) and the lowest richness was observed in A0503b
(during bloom). OTU richness decreased during the blooming
period from April 22 to May 13, and then increased with the dis-
appearance of bloom from May 31 to July 17, and the Chaol in-
dex (an indicator of total species richness) exhibited the same
trend as OTU-indicated species richness.

Table 3. Correlations between P. donghaiense cell density and other environmental variables and diversity indices of dinoflagellate
community, as measured with the rank correlation coefficient or Spearman’s rho

Number of OTUs

Shannon-Wiener index

Gini-Simpson index Chaol index

Spearman rho (p-level) Spearmanrho (p-level) Spearman rho (p-level) Spearman rho (p-level)

P. donghaiense vs. diversity indices -0.52 (<0.000 1***) -0.67 (<0.000 1***) -0.609 (0.001**) -0.37 (0.001*)
Chl a vs. diversity indices -0.43 (0.031%) -0.51 (0.009%) -0.56 (0.004*) 0.01 (0.007**)
Temperature vs. diversity indices 0.29 (0.156) 0.37 (0.069) 0.35(0.088) 0.38 (0.059)
Salinity vs. diversity indices 0.16 (0.452) 0.23 (0.26) 0.22 (0.0286%) 0.37 (0.069)
Nitrite vs. diversity indices 0.62 (0.001**) 0.57 (0.003**) 0.53 (0.007**) 0.29 (0.15)
Nitrate vs. diversity indices 0.48 (0.015%) 0.48 (0.013%) 0.48 (0.014%) 0.07 (0.756)
TN vs. diversity indices -0.62 (0.001*%) ~0.72 (0.001*%) ~0.76 (0.001**) -0.43 (0.034%)
TP vs. diversity indices -0.52 (0.007**) -0.64 (0.001*%) -0.67 (<0.000 1***) 0.37(0.73)
Phosphate vs. diversity indices -0.009 (0.967) 0.01 (0.968) -0.01 (0.971) -0.29 (0.159)
Ammonium vs. diversity indices 0.24 (0.328) 0.03 (0.900) -0.04 (0.85) 0.007 (0.97)

Note: The sample sizes for all were 50 (n=50). * 0.01<p<0.05; ** 0.001<p<0.01; *** p<0.001.
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B Prorocentrum donghaiense

W Gymnodinium sp.

W Levanderina fissa

W Heterocapsa rotundata

W Neoceratium lineatum

W Gonyaulax polygramma

W Protoperidinium crassipes
Kareniaceae sp.

W Warnowia sp.

W Prorocentrum triestinum

B Heterocapsa triquetra

B Karlodinium veneficum

W Polykrikos schwartzii

W Polykrikos geminatum

B uncultured dinoflagellate

W Scrippsiella trochoidea
Katodinium glaucum

W Biecheleria brevisulcata

% Peridiniales

W Gyrodinium dominans

B others

Fig. 3. Relative abundance of the top 20 genera (a) and species (b) of dinoflagellates in the 50 samples. The abundance is presented as
percentage of each taxon in the total reads of valid sequences of all dinoflagellates in a sample. Note that “others” indicates the total of
all other taxa except for the top 20 taxa (genera or species), which will allow a 100 percentage for all taxa. The annotations “uncultured
dinofalgellate” was the original annotation of a reference sequence in the GenBank that was not convincingly identified to any

particular genus or species.

3.3 Prorocentrum donghaiense bloom negatively affected species  bloom using the rank correlation coefficient or Spearman’s rho.
diversity of the dinoflagellate community Note that the alpha diversity indices here included species rich-
We determined if the species diversity of the dinoflagellate  ness as expressed in the number of OTUs and Chaol index, the

community was affected by the presence of P. donghaiense  Shannon index (indicating species evenness of community), and
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Fig. 4. Principal coordinates analysis (PCoA) plot on the Bray-Curtis distance matrix and depicting patterns of beta diversity for
dinoflagellate communities of all samples. Different broken circles represent different clusters.

Gini-Simpson index (1-/, indicating the probability that the two
entities taken at random from a dataset of interest represent dif-
ferent species). It can be seen that all the number of OTUs, Chaol
index, Shannon-Wiener index, and Gini-Simpson index were
negatively correlated with the cell density of P. donghaiense sig-
nificantly (Table 3, Spearman’s rho = -0.52, -0.67, -0.609, and
-0.37, respectively; p<0.001). Because of the interactions of
phytoplankton dynamics and ambient nutrients, the four indices
were also significantly correlated with Chl @, NO, -N, NO; -N, TP,
and TN, but not with PO3™-P and NH, -N (Table 3).

3.4 Dominant dinoflagellate groups varied among pre-, during

and post-blooms of P. donghaiense

Metagenomic analysis revealed changes in the abundance of
OTUs classifiable to various taxonomic levels, including shifts in
dominant genera and species on date basis. The top 20 most
abundant genera and species of each sample showed that 26 of
the 50 samples were dominated by Prorocentrum (76.6%-99.6%
of the top 20), while during the before-blooming period, the
dinoflagellate community was dominated by Heterocapsa_ro-
tundata (4.9%-79.6% dominance) that could not be well identi-
fied to any currently accepted genus of dinoflagellates (Fig. 3). All
samples taken on April 22, May 3, and May 13 except for A0513a
and A0513b were from blooming area and dominated by P. dong-
haiense. The samples of A0513a and A0513b were from non-
blooming area and dominated by Levanderina fissa. After the

blooming period, all samples taken on July 19 were dominated by
L. fissa for most of the samples (25.0%-69.3% dominance; Fig. 3).

3.5 Principal coordinates analysis (PCoA) and redundancy ana-
lysis (RDA)

Principal coordinates analysis was conducted to evaluate
similarities among different surface samples at the OTU level.
The PCoA results for all samples showed that all samples formed
roughly five clusters: the samples of March 31, the samples of Ju-
ly 19, samples were each formed a tight cluster distinctly separ-
ated from other samples, while the samples of April 22 and May
03 (except for B0503a, B0503b, E0503a and E0503b) as one, the
samples of May 13 (plus samples B0503a, E0503a and E0503b, ex-
cept for A0513a, A0513b and B0513b) formed one cluster and the
samples of May 31 (plus samples A0513a, A0513b, B0513b and
B0503b) formed one cluster, respectively (Fig. 4), corresponding
to the periods of before bloom (March 31), early bloom (April 22),
bloom (May 3 and 13), and postal bloom (May 31 and July 19) of
P. donghaiense. The samples that made the clusters expanded
(i.e., part of the samples taken on April 22 and May 13) represen-
ted transitions of the blooming period. The location of samples
B0503b and B0513b might be caused by experimental error or the
duplicated samples differing greatly. The cluster of March 31
(plus samples D0422a and D0422b) represented transitions
between before bloom and early bloom, while the cluster of May
31 (plus samples A0513a and A0513b) represented transitions
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between bloom and postal bloom. That the samples from 0422,
0503, 0513 and 0531 were not completely separated into three
clusters (i.e., somehow mixed) represented transitions of differ-
ent stages of blooms.

The results of RDA showed that the dinoflagellate com-
munity was regulated by multiple environmental variables (Fig. 5).
The first axis of RDA explained 42.5% of the variation of species-
environment relation, while the two axes together explained
66.3% of variation (p=0.001). P. donghaiense abundance, salinity,
Si03~ and NO;-N appeared to be the four most significant factors
affecting the dinoflagellate community, compared to other
factors (T, TN, TP, NO; -N, NH4+-N, POif—P), and among those
factors, P. donghaiense abundance made the greatest contribu-
tion. RDA analysis also showed that the environmental variables
affected the population dynamics of some dinoflagellate species
as well as P. donghaiense abundance. For example, H. rotundata
and Karlodinium veneficum were positively correlated with NO; -
N and PO} -P, while P. triestinum and Katodinium glaucum were
positively correlated with TN and TP (Fig. 5).

4 Discussion

4.1 Prorocentrum donghaiense blooms affected the bio-diversity of

dinoflagellate community

This study demonstrated that the bloom of P. donghaiense af-
fected the structure of dinoflagellate sub-community of the total
phytoplankton in terms of reducing the species richness and di-
versity estimators, as expressed in the number of OTUs, Chaol
index, Shannon index, and Gini-Simpson index. As seen from the
PCoA analysis, the dinoflagellate community during the bloom-
ing period differed significantly from those before and after
blooming periods. The species composition of dinoflagellate
community changed with transition stages of the P. donghaiense
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bloom. For instance, the dinoflagellate community was domin-
ated by a species that has not been well described (“uncultured
dinoflagellate”), P. donghaiense, and L. fissa for the periods of be-
fore, during, and after blooming, respectively. RDA analysis re-
vealed that P. donghaiense abundance affected the dinoflagellate
community as the most important factor. These results well sup-
ported our hypothesis that P. donghaiense bloom would reduce
the diversity of dinoflagellate community and alter the com-
munity structure.

Investigations on the effect of HABs on species diversity and
community succession have been comparatively rare, particu-
larly so for that using high throughput metagenomic approach.
In an early study, West et al. (1996) investigated abundance and
composition of phytoplankton populations during different
bloom stages of Gymnodinium breve (=Karenia brevis), and
found that total phytoplankton abundance increased regardless
of G. breve abundance. Further, they discovered that the cell
densities of some groups increased but others decreased, which
is in contrast to our results, possibly because K. brevis bloom was
not monospecific bloom. Besides, about 127 phytoplankton spe-
cies were identified microscopically from all water samples (West
et al., 1996), which was a relatively low number in comparison to
our work targeting on dinoflagellates only. However, a very re-
cent study, using high-throughput pyrosequencing approach
also but targeting on a broader spectrum of microorganisms,
demonstrated that microbial community structure is strongly
linked to the bloom progression of Alexandrium catenella (Zhou
etal., 2018). Multiple aspects of this study are consistent to our
results presented above, such as that a decrease in diversity of the
entire community of plankton during the bloom of A. catenella
and reflects complex interactions among taxa comprising the
phycosphere environment. An early study on freshwater and
brackish water ecosystems has demonstrated that the diversity of
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phytoplankton communities is the best predictor for resource use
efficiency (e.g., nutrients) of phytoplankton and factors reducing
phytoplankton diversity may have direct detrimental effects on
the amount and predictability of aquatic primary production
(Ptacnik et al., 2008). While environmental variables such as tem-
perature, turbulence, and nutrient levels are generally the
primary forces shaping the community structure and driving
HABSs (see the discussion below), a bloom can be a vital driving
force by its own for the transition of phytoplankton community
structure due to the biological features of the blooming species.
For example, most of HABs-causing species have been demon-
strated to be allelopathic to other co-occurring phytoplankton
species via releasing allelochemicals (Felpeto et al., 2018; Leao et
al., 2009; Leflaive and Ten-Hage, 2007). A blooming species gen-
erally can squeeze the living space of other species via fast
growth, which will consequently reduce the nutrient and space
availability to competitors.

4.2 Effects of environmental variables on the dinoflagellate com-

munity

Our RDA results showed that P. donghaiense abundance,
NO;-N, and SiO§_ were the three most important environmental
factors affecting the dinoflagellate community. Prorocentrum
donghaiense abundance was correlated negatively to NO3 -N,
NO, -N, PO3™-P, NH; -N, temperature and salinity, but positively
to TN, TP, Chl a and SiO5 . Although dinoflagellates do not need
Si03™ for growth, the RDA results showed SiO3~ appeared to be
one of those important factors in shaping the dinoflagellate com-
munity, which might be indirectly caused via the effects of Si05~
on the transition of diatom community during the sampling peri-
od. The ratio of DIN to DIP tended to decrease along with the de-
velopment and maintenance of bloom, and increase along with
disappearance of bloom. At the beginning of the survey (March
31), the cell density of P. donghaiense was comparatively low
(270 cells/mL), and the DIN to DIP ratio was 18-22, which was
more suitable for the growth of P. donghaiense (Li et al., 2009),
while, during the blooming period of P. donghaiense, the ratio
showed a downward trend in general, possibly due to the differ-
ent absorption rates for different nutrients by the bloom-forming
organism (Zhang et al., 2008). This trend indicates a faster ab-
sorption rate of DIN by P. donghaiense and consequently a larger
effect of DIN on the growth of P. donghaiense, compared to PO; -
P. On May 13, the ratio reached the minimum, indicating a limit-
ing level of DIN to the P. donghaiense growth (Li et al., 2014;
Zhang et al., 2008). Supportively, it was observed there were sig-
nificant negative correlations between TP and the four diversity
indices (the number of OTUs, Shannon index, Gini-Simpson in-
dex, and Chaol index), indicating that TP also stimulated the
growth or bloom of P. donghaiense. However, PO3 ™ did not ex-
hibit a significant correlation with these four diversity indices, in-
dicating the utilization or uptake of P by P. donghaiense was not
linearly correlated with the ambient concentration of PO} -P.
Our RDA analysis revealed that, in addition to nutrients, temper-
ature and salinity also made contributions to the transition of the
dinoflagellate community, which is somehow in contrast to the
recent result of Zhou et al. (2018) where temperature and salinity
were two key environmental factors associated with changes in
bacterial and archaeal community structure but not with vari-
ations in eukaryotic community. While it is well understandable
that temperature acted as an important factor, the apparent cor-
relation between salinity and P. donghaiense and the dinoflagel-
late community might be a good indication of nutrient input

from freshwater runoff.

In summary, our investigation observed that the bloom of P.
donghaiense negatively affected bio-diversity in the dinoflagel-
late sub-community level both in reducing the species richness
(as expressed in the number of OTUs and Chaol index) and di-
versity indices (Shannon index and Gini-Simpson index). PCoA
results showed that the dinoflagellate community during the
blooming period of P. donghaiense differed significantly from the
community before and after the blooming period. RDA analyses
indicated that P. donghaiense abundance was the most import-
ant factor affecting the dinoflagellate community, which strongly
indicates that the bloom of P. donghaiense played a vital role in
shaping the dinoflagellate community structure, possibly via pro-
cesses such as allelopathy (Ens et al., 2009; Leao et al., 2012), nu-
trient and space competition, and fast growth itself. Although
these results are not beyond our anticipation, we believe the
present work provides meaningful and solid evidence for the
negative effects of HABs on the plankton community and coastal
ecosystem based on a comprehensive series of field sampling
and high throughput pyrosequencing.
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