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A B S T R A C T

Gymnodinium catenatum is able to produce paralytic shellfish toxins (PSTs) and was responsible for a massive
bloom in the Taiwan Strait, East China Sea, in June 2017, which resulted in serious human poisoning and
economic losses. To understand the origin of the bloom and determine the potential for blooms in subsequent
years, water and sediment samples collected in the Taiwan Strait from 2016 to 2019 were analyzed for cells and
cysts using light microscopy (LM) and/or quantitative polymerase chain reaction (qPCR). The morphology of
both cells and cysts from the field and cultures was examined with LM and scanning electron microscopy (SEM).
Large subunit (LSU) and/or internal transcribed spacer (ITS)-5.8S rRNA gene sequences were obtained in 13
isolates from bloom samples and five strains from cysts. In addition, cells of strains TIO523 and GCLY02 (from
the Taiwan Strait and Yellow Sea of China, respectively) were subjected to growth experiments, and cysts from
the field were used for germination experiments under various temperatures. Our strains shared identical LSU
and ITS-5.8S rRNA gene sequences with those from other parts of the world, and therefore belonged to a global
population. A low abundance of G. catenatum cells were detected during most of the sampling period, but a small
bloom was encountered in Quanzhou on June 8, 2018. Few cysts were observed in 2016 but a marked increase
was observed after the bloom in 2017, with a highest density of 689 cysts cm−3. Cysts germinated at tem-
peratures between 14 and 23 °C with a final germination rate over 93%. Strains TIO523 and GCLY02 displayed
growth at temperatures between 17 and 26 °C and 14 and 26 °C, respectively, with both strains displaying the
highest growth rate of ca. 0.5 divisions d–1 at 23 °C. The PSTs of the three strains and cysts from the sediments
were analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS). All strains were able to
produce PSTs, which were dominated by N-sulfocarbamoyl C toxins (C1/2, 53.0–143.5 pg cell−1) and dec-
arbamoyl gonyautoxins (dcGTX2/3, 26.7–52.1 pg cell−1), although they were not detected in cysts. However,
hydroxybenzoyl (GC) toxins were detected in both cells and cysts. Our results suggested that the population in
the Taiwan Strait belonged to a warm water ecotype and has a unique toxin profile. Our results also suggested
that the persistence of cells in the water column may have initiated the bloom.

1. Introduction

The athecate dinoflagellate Gymnodinium catenatum was originally
described from a bloom sample collected in the Gulf of California in the
spring of 1939 (Graham, 1943). It was characterized by the formation
of long chains of as many as 29 cells, but its detailed morphology was
not clarified until Morey-Gaines (1982) revealed the loop shaped apical
groove using scanning electron microscopy (SEM). Later, the ultra-
structure of G. catenatum was reported and its taxonomic affinity with
Gymnodiniales was confirmed (Rees and Hallegraeff, 1991).

Gymnodinium catenatum fits the emended description of Gymnodinium
(Daugbjerg et al., 2000), but it is distant from the type species of
Gymnodinium in terms of its molecular phylogeny (Luo et al., 2018).

A spherical, microreticulate cyst is produced by G. catenatum
(Anderson et al., 1988), but later two other species, Gymnodinium nolleri
and Gymnodinium microreticulatum, were reported to also produce si-
milar microreticulate cysts (Bolch et al., 1999; Ellegaard and
Moestrup, 1999). However, the motile cells of G. nolleri and G. micro-
reticulatum do not form chains and their cysts are much smaller than
those of G. catenatum and importantly those latter two taxa do not
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produce toxins (Bolch et al., 1999). Microreticulate cysts were also
generated by Gymnodinium trapeziforme and Gymnodinium inusitatum,
but these cysts are elongated and irregular, and corresponding cells do
not form long chains (Attaran-Fariman et al., 2007; Gu et al., 2013).
The life cycle of G. catenatum was reported to be heterothallic, i.e.,
compatible strains of the opposite mating type are required for sexual
reproduction, and a short dormancy period of two weeks was reported
in this species (Blackburn et al., 1989; Figueroa et al., 2006).

The apparent cosmopolitan species Gymnodinium catenatum has
been reported in warm temperate and tropical waters with an in-
creasing frequency (Band-Schmidt et al., 2010; Hallegraeff et al., 2012),
but it is typically present as isolated populations restricted to particular
coastal areas (Bolch and Reynolds, 2002). Natural (e.g., currents,
unusual climatic conditions, upwelling) and human-mediated (e.g.,
ballast water/sediment discharge) dispersions of G. catenatum have
been reported (McMinn et al., 1997; Hallegraeff and Fraga, 1998;
Blackburn et al., 2001; Amorim and Dale, 2006). Gymnodinium cate-
natum is not likely to spread naturally throughout oceans because it is
an obligate coastal species, which requires particular nutrients from
land runoff (Blackburn et al., 1989).

Molecular sequences of G. catenatum are rather conserved. All
strains of G. catenatum share identical internal transcribed spacer (ITS)-
5.8S rRNA gene sequences, but display a single nucleotide poly-
morphism (SNP) at the 5th base of the 5.8S rRNA gene revealing two
ribotypes, carrying either a thymidine (T-gene) or a cytosine (C-gene)
(Bolch and De Salas, 2007). Later, two SNPs with guanine/adenine (R)
overlaps were detected at positions 57 and 117 of the ITS1 region from
Portuguese strains, which belonged to the C-gene ribotype (Silva et al.,
2015). A large subunit (LSU) RNA gene sequence comparison also re-
vealed that all strains of G. catenatum shared identical sequences except
those from Bahía Concepción, Mexico, which had cytosine instead of
guanine at position 453 (Band-Schmidt et al., 2008).

In contrast to the conserved molecular sequences, G. catenatum
strains produce a wide variety of paralytic shellfish toxins (PSTs) pro-
files. The relationship between G. catenatum and paralytic shellfish
poisoning was firstly found in Mexico in 1979 (Morey-Gaines, 1982),
but the PSTs were not confirmed until an Australian strain was ex-
amined with high performance liquid chromatography (HPLC)
(Oshima et al., 1987). Gymnodinium catenatum is now known to produce
saxitoxin (STX), decarbamoyl saxitoxin (dcSTX), N-sulfocarbamoyl go-
nyautoxins (GTX1–GTX4) and the less toxic N-sulfocarbamoyl-11-hy-
droxysulfate B- and C-toxins (B1, B2, C1–C4), deoxy-decarbamoyl
saxitoxin (doSTX), deoxy-decarbamoyl gonyautoxin 3 (doGTX3), and
hydroxybenoyl PST derivatives (GC toxins) (Negri et al., 2007;
Bustillos-Guzmán et al., 2015; Durán-Riveroll et al., 2017). The relative
abundance of PSTs was found to differ among strains from different
geographic origins (Oshima et al., 1992; Negri et al., 2001; Park et al.,
2004; Negri et al., 2007), and may therefore be a useful marker to
differentiate different populations.

Most reported blooms of G. catenatum occurred at temperatures
below 18 °C, e.g., in the Gulf of California (Graham, 1943), Mazatlán,
Sinaloa, Mexico (Morey-Gaines, 1982), southern Tasmanian estuaries of
Australia (Hallegraeff et al., 1988), and Rías Baixas of Galicia, Spain
(Figueroa et al., 2008), but some blooms have occurred at temperatures
above 26 °C, e.g., in Manila Bay, The Philippines (Corrales et al., 1996)
and Singapore (Holmes et al., 2002). The relationship between G. ca-
tenatum cysts in the sediment and the breakout of blooms has been
investigated in coastal areas of America, Australia and Europe
(Hallegraeff et al., 1995; Bravo and Ramilo, 1999; Moita and
Amorim, 2001; Flores-Trujillo et al., 2009). It is generally agreed that
G. catenatum cysts play an important role in geographical dispersion,
but cyst germination is not sufficient to develop into blooms (Bolch and
De Salas, 2007). Instead, environmental factors such as temperature,
nutrient supply or upwelling are probably the major constraints on the
success of blooms (Bravo and Anderson, 1994; Hallegraeff et al., 1995;
Bravo et al., 2010).

Gymnodinium catenatum cysts have been reported along the Chinese
coast (Qi et al., 1996; Gu et al., 2013), but vegetative cells have rarely
been reported in the South China Sea (Lu and Hodgkiss, 2004) and
Yellow Sea (Jiao et al., 2010). Gymnodinium catenatum strains from
Hong Kong and the Yellow Sea have a C-gene type in the 5.8S rRNA
gene and thus belong to the global population (Bolch and De
Salas, 2007; Gu et al., 2013). These Chinese strains also have similar
toxin profiles, dominated by C1-C4, with an abundance of GC toxin
(Negri et al., 2007; Gu et al., 2013). A massive G. catenatum bloom
occurred in the Taiwan Strait in June 2017, causing serious paralytic
shellfish poisoning events and economic losses (Chen, 2018). To un-
derstand the mechanism of the G. catenatum bloom occurrence, the
coupling of cysts and cells was investigated in the Taiwan Strait using
light microscopy (LM), a quantitative polymerase chain reaction (qPCR)
and germination experiments. LSU and ITS-5.8S rRNA gene sequences
were obtained from isolated cells from the bloom samples and estab-
lished strains. Three strains and cysts from the field were subjected to a
PST toxin analysis using liquid chromatography with tandem mass
spectrometry (LC-MS/MS).

2. Materials and methods

2.1. Sample collection and treatment

Two bloom samples of G. catenatum were collected on June 9, 2017
and June 8, 2018, respectively (Table S1). The bloom samples were
brought back to lab for morphological and molecular examination. A
fraction of these samples were fixed with 0.4% Lugol's solution
(Andersen and Throndsen, 2004) for cell counting. Cells (or chains)
were isolated with a micropipette using an inverted Eclipse TS100
(Nikon, Tokyo, Japan) microscope for single cell PCR. In order to ex-
amine the seasonal appearance of G. catenatum, surface and bottom
water samples (10, 15 and 20 m deep) were collected monthly at three
stations in Xiamen Bay between December 2017 and August 2019
(Fig. 1, Table S2). Two liters of seawater were filtered through 5 μm
pore-size polycarbonate filters (Millipore, Eschborn, Germany) and
stored at −20 °C for qPCR. Additionally two liters of seawater were
concentrated using a net with a mesh of 20 μm and fixed with 0.4%
Lugol's solution for direct cell counting with the above microscope.

To understand the potential roles of cysts in initiation and termi-
nation of G. catenatum blooms, sediment samples were collected from
2016 to 2019 in Taiwan Strait, including Xiamen Bay (Fig. 1, Table S1).
Sediment samples were collected using a core or box sampler. Only
surface sediments (0–2 cm) were sliced off but in several stations of
Xiamen Bay, 20–30 cm sediments were collected at 2 cm intervals.
Sediments were stored at 4 °C. 2.5 cm3 of surface layer of all the se-
diment samples, and of each layer of two core samples, were processed
for cyst enumeration. Cysts were extracted using a sodium poly-
tungstate density gradient with a density of 1.4 g cm−3 (Bolch, 1997)
for direct cyst counting with the above microscope. Cysts were in-
dividually isolated to 96 well plates filled with 300 μL of f/2-Si medium
(Guillard and Ryther, 1962) and incubated at 20 °C, 90 μmol photons
m−2 s−1 under a 12: 12 h light: dark cycle for establishment of five
strains (Table 1). Strains were maintained in 100 mL Erlenmeyer flasks
under the same conditions described above.

2.2. Light and scanning electron microscopy

Live cells and cysts were examined and photographed using a Zeiss
light microscope (Carl Zeiss, Göttingen, Germany) equipped with a
Zeiss digital camera. The size of 33 cells from the bloom sample and 53
cells from culture, four newly formed and 26 mature cysts was mea-
sured using Axiovision (4.8.2 version) software at × 400 magnification.

For scanning electron microscopy (SEM), cells and cysts from the
bloom samples, cells of strain TIO523 and cysts from the sediment were
fixed at final concentration of 1% OsO4 for 20 min. The supernatant was
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removed and the settled cells were transferred to a coverslip coated
with poly-L-lysine (molecular weight 70,000–150,000). The cells at-
tached to the cover slip were rinsed in Milli-Q water twice. The samples
were then dehydrated in a graded ethanol series (10, 30, 50, 70, 90 and
3 × in 100%, 10 min at each step), critical point dried (K850 Critical
Point Dryer, Quorum/Emitech, West Sussex, UK), sputter-coated with
gold, and examined with a Zeiss (Carl Zeiss Inc., Oberkochen, Germany)
scanning electron microscope.

2.3. PCR amplifications and sequencing

The molecular sequences of 13 isolates of G. catenatum collected
from the bloom samples and five strains were examined (Table 1).
Single chains were isolated from the bloom samples and available
strains and washed several times with sterile distilled water and used
for templates. PCR amplifications were carried out using 1 × PCR
buffer, 50 µM dNTP mixture, 0.2 μM of each primer, and 1 U of ExTaq
DNA Polymerase (Takara, Tokyo, Japan) in 50 μL reactions. The LSU
rRNA gene (D1-D6) was amplified using the primers D1R/28–1483R
(Daugbjerg et al., 2000). ITS1–5.8S–ITS2 region was amplified using
ITSA and ITSB primers (Adachi et al., 1996). The thermal cycle pro-
cedure was 4 min at 94 °C, followed by 30 cycles of 1 min at 94 °C,
1 min at 45 °C, 1 min at 72 °C, and a final extension of 7 min at 72 °C
with a Mastercycler (Eppendorf, Hamburg, Germany). The PCR product
was purified using a DNA purification kit (Shengong, Shanghai, China)

and sequenced directly in both directions on an ABI PRISM 3730XL
(Applied Biosystems, Foster City, CA, USA) following the manufac-
turer's instructions. Sequences were deposited in GenBank with acces-
sion numbers MT659672 to MT659680 and MT659389 to MT659402.

2.4. Quantitative PCR (qPCR)

Total environmental gDNAs of water samples were extracted using
the Nucleospin soil kit (Macherey & Nagel, Germany) according to the
manufacturer's instructions. DNA extracts were analysed using the G.
catenatum specific real-time PCR assay (Smith et al., 2014) on a CFX
Connect™ real-time PCR detection system (Bio-Rad, CA, USA). The
primers (GC397-F and GC471-R) and probe (GC426-P) targeted the LSU
rRNA gene and their specificity has been tested previously by
Smith et al. (2014). The optimised assays consisted of a 20 μL reaction
containing 10 μL of 2 × Taqman Fast qPCR Master Mix (Sangon Bio-
tech, Inc., Shanghai, China), 200 nM of forward and reverse primers,
200 nM of fluorescent probe, and 2 μL of DNA template. Cycling con-
ditions were as follows: 50 °C for 2 min, 95 °C for 2 min, 45 cycles of
95 °C for 15 s, and 60°C for 45 s.

The sensitivity of the assay was evaluated with gDNA extracted from
a low range of known cell concentrations (1, 3, 5 and 10 cells).
Calibration curves were constructed using serial dilutions of a known
concentration of both synthetic gene fragment and cells (Kon et al.,
2015). Gene fragment of the LSU rRNA of G. catenatum flanked by both

Fig. 1. Sampling area and locations in Taiwan Strait. (A) Overview of stations. (B) Detailed view of the stations in Xiamen Bay. (C) Detailed view of the stations in
Quanzhou.
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forward and reversed primers, with extra ten base pair (bp) at both ends
was synthesized (Sangon Biotech, Inc., Shanghai, China). A linear re-
gression was performed onto the calibration curve to determine the R2

value and slope. Amplification efficiency (AE) was calculated as
AE = [10(-1/ slope) -1] × 100%. The extractable LSU rRNA gene
copies per cell of G. catenatum were determined from samples with
known cell number using the gene fragment calibration curve. After the
mean extractable LSU rRNA gene copies per cell were confirmed, sub-
sequent samples were examined by qPCR based on synthetic gene
fragment as it was more stable for long-term preservation. All PCR re-
actions in this study were performed in triplicate and included no
template control (NTC) and positive control (known concentration of
synthetic gene fragment).

2.5. Assessment of the qPCR assay

Specificity of the assay has been tested in previous study via both
cross-reactivity testing and in silico analysis using NCBI blast
(Smith et al., 2014). The NTC included in each qPCR run showed no
amplification. The gene-based calibration curve had a linear detection
ranging over seven-orders of magnitude (R2 = 0.9995, AE = 94.6%;
Fig. S1). The qPCR assay was able to detect as low as 102 gene copies.
The cell-based calibration curve was linear over seven-orders of mag-
nitude (R2 = 0.9993; AE = 96.1%; Fig. S1). Evaluation of the assay
sensitivity showed that our qPCR assay was able to detect consistent Cq
from one (Cq = 27.44± 0.39), three (Cq = 26.03± 0.48), five
(Cq = 25.27±0.22) and 10 (Cq = 24.24± 0.27) target cells, re-
spectively. Therefore, the minimum number of cells for a reliable
quantification was determined to be one cell per reaction. The mean
extractable LSU copy numbers per cell of G. catenatum in this study was
14,319±2237 (slope± SD) (R2 = 0.9997, P < 0.0001, Fig. S2). Cell
densities estimated using the gene-based calibration curve showed a
positive correlation with cell densities determined microscopically
(R2 = 0.95, P < 0.0001; Fig. S3).

2.6. Germination experiment

In order to determine the effect of temperatures on cyst germina-
tion, 46–89 cysts collected from Xiamen Bay on November 13, 2017
were individually isolated to 96 well plates filled with 300 μL of f/2-Si
medium and incubated at 11, 14, 17, 20 and 23 °C, 90 μmol photons
m−2 s−1 under a 12: 12 h light: dark cycle. Daily during 30 days cyst
germination was registered. The experiment was performed from
January 26, 2018 to April 6, 2018.

In order to understand the effect of storage on germination, samples
collected from Xiamen Bay on March 15, 2018 were stored at 4 °C for
two years. 90 cysts were individually isolated to 96 well plates filled
with 300 μL of f/2-Si medium at 23 °C, 90 μmol photons m−2 s−1 under
a 12: 12 h light: dark cycle, and checked daily during 10 days for
germination.

2.7. Effect of temperature on growth

The strain TIO523 from Taiwan Strait and strain GCLY02 from
Yellow Sea (Gu et al., 2013) were subjected to different temperatures.
Growth experiments at various temperatures (14, 17, 20, 23, 26, and
29 °C) were conducted in triplicate using 50 mL Erlenmeyer flasks with
30 mL f/2-Si medium and an initial cell density of 200 cells mL–1.
Cultures were acclimated over a period of 15 days to neighboring
temperatures successively, at steps no greater than 3 °C at a time. The
light: dark cycle in all experiments was 12:12 h. Subsamples of 0.05 mL
were removed from the culture at 2-day intervals and fixed in 0.4%
Lugol's solution. Each subsample was transferred to a Sedgwick-Rafter
chamber and a minimum of 200 cells per sample were counted. The
growth rates in the exponential growth phase were calculated ac-
cording to the method of Guillard (1973) by a least squares fit of aTa
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straight line to the data after logarithmic transformation.

2.8. Paralytic shellfish toxins analysis

Around 13,000 cysts were isolated from sediment collected in
March 2018 in Xiamen Bay and approximately 70,000 cells of strains
TIO523, TIO527 and TIO529 in exponential phase were collected by
centrifugation. Algal pellets were transferred to 2 mL microcentrifuge
tubes and stored at −20 °C until analysis. Cell pellets were resuspended
in 500 µL 0.03 M acetic acid and subsequently homogenized with 0.9 g
of lysing matrix D by reciprocal shaking at maximum speed (6.5 m s−1)
for 45 s in a Bio101 FastPrep instrument (Thermo Savant, Illkirch,
France). After homogenization, samples were centrifuged at 16,100 × g
at 4 °C for 15 min. The supernatants were transferred to spin-filters

(0.45 µm pore-size, Millipore Ultrafree, Eschborn, Germany) and cen-
trifuged for 30 s at 800 × g, followed by transfer to autosampler vials
for LC-MS/MS analysis. Chromatographic separation was achieved on
an Acquity UPLC Glycan BEH Amide column (130 Å,
150 mm × 2.1 mm, 1.7 µm, Waters, Eschborn, Germany) equipped
with an in-line 0.2 µm Acquity filter and thermostated at 60°C with an
isocratic elution to 5 min with 98% eluent B followed by a linear gra-
dient of 2.5 min to 50% B and 1.5 min isocratic elution. The flow rate
was 0.4 mL min−1, and the injection volume was 2 µL. Mobile A con-
sisted of water with 0.15% formic acid and 0.6% ammonia (25%).
Mobile B consisted water/acetonitrile (3:7, v/v) with 0.1% formic acid.
Mass spectrometric experiments were performed in the selected reac-
tion monitoring (SRM) mode on a Xevo TQ-XS triple quadrupole mass
spectrometer equipped with a Z-Spray source (Waters, Eschborn,

Fig. 2. LM and SEM of Gymnodinium catenatum cells. (A) Chain of cells in samples collected during the 2017 bloom with a newly formed cyst (LM); (B) Chain of cells
in samples collected during the 2017 bloom (SEM). (C) Detail of ASC in the cell of B showing numerous knobs (arrowheads, SEM). (D) Chain of two cells in samples
collected during the 2018 bloom (LM). (E). A cell of strain TIO523 in ventral view (SEM). (F). A cell of strain TIO523 in apical view (SEM). (G) Detail of apical
structure complex (ASC) in the cell of F showing numerous knobs (arrowheads, SEM). (H, I) Detail of ASC in another cell showing numerous pores (arrows) from
which small knobs emerge (SEM).
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Germany). Instrument parameters are given in table S3 and used mass
transitions in Table S4. PSTs were quantified by external calibration
with standard mix solutions of four concentration levels consisting of
the following PSTs: STX, NEO, GTX2/3, GTX1/4, dcSTX, dcGTX2/3, B1,
and C1/2. All individual standard solutions were purchased from the
Certified Reference Materials Program (CRMP) of the Institute for
Marine Biosciences, National Research Council (Halifax, Canada). GC
toxins were only reported as absent or present due to the lack of
available standards and their very different mass spectrometric beha-
vior.

3. Results

3.1. Morphology of G. catenatum cells and cysts

Chains of 8–16 cells were dominant in the bloom samples on June 9,
2017 (Fig. 2A). Vegetative cells were from 30.0 to 51.8 µm
(mean = 38.5±5.4 µm, n = 33) long and from 30.0 to 47.1 µm
(mean = 35.8± 4.6 µm, n = 33) wide. The epicone was conical
whereas the hypocone was flattened (Fig. 2B). The sulcus extended into
the epicone as a narrow furrow and widened towards the posterior end.
There was a loop-shaped apical structure complex (ASC) that almost
completely encircled the apex, which consisted of three elongated ve-
sicles. There were numerous knobs in the middle of the elongated ve-
sicles (Fig. 2C). Large cells, 56 µm long, were observed in the bloom
samples on June 8, 2018 (Fig. 2D).

Fig. 3. LM and SEM of Gymnodinium catenatum cysts from the field. (A, B) Newly formed cysts from the 2017 bloom samples (LM). (C) A newly formed cyst showing
two thin layers (SEM). (D) Detail of equivalent of ASC showing three elongated vesicles (*) in the newly formed cyst. (E) Detail of the outer wall (arrow) and inner
wall (*) with microreticulations in the newly formed cyst (SEM). (F) A mature cyst collected in November 2017 (LM). (G) A mature cyst showing the micro-
reticulations (SEM). (H). A broken cyst showing the thick wall (SEM).
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Cells in culture formed chains from 2 to 16 cells, and were mor-
phologically identical to those from the bloom samples (Fig. 2E–H).
Approximately 100 small knobs were present in the middle of the ASC,
which emerged from a round pore approximately 120 nm in diameter
(Fig. 2I). Vegetative cells of strain TIO523 were from 33.5 to 55.7 µm
(mean = 42.9±5.1 µm, n = 53) long and from 26.4 to 45.6 µm
(mean = 37.0±4.6 µm, n = 53) wide.

Newly formed cysts were encountered in the bloom samples
(Fig. 2A). They were spherical, with a diameter from 42.5 to 46.7 µm
(mean = 44.4±2.2 µm, n = 4). These cysts were light brown and
always had an accumulation body inside (Fig. 3A, B). The cysts had two
thin walls each of them ornamented with numerous microreticulations
on the surface (Fig. 3C–E). The equivalent of ASC was imprinted on the
cyst wall comprising three rows of elongated vesicles (Fig. 3D, E).

The mature cysts from the sediments were dark brown with a dia-
meter from 39.5 to 52.7 µm (mean = 45.8±3.1 µm, n = 26) (Fig. 3F).
The archeopyle was chasmic following the edge of the cingulum
(Fig. 3G). The inner wall of the cysts was approximately 0.8 µm thick
(Fig. 3H).

3.2. Molecular analysis

Four isolates of G. catenatum from the bloom samples and five G.
catenatum strains (Table 1) shared identical LSU rRNA gene sequences
with those of other strains CCMP414 (DQ779990, Spain), GCCW991

(DQ779989, South Korea), GCCV-11 (JQ616825, Mexico), DC99A44
(AY036127, Singapore), GCCC21 (AY036072, Australia), and VGO743
(FN647677, Algeria). Nine isolates of G. catenatum from the bloom
samples and five G. catenatum strains shared identical ITS-5.8S rRNA
gene sequences with other strains GCCW991 (DQ779989, South Korea),
CCMP414 (DQ779990, Spain), GCCV-11 (JQ616825, Mexico), CSIC744
(AM998536, Algeria), CS-397 (FJ823540, Japan), and they also had
cytosine at the 5th base of the 5.8S rRNA gene. No SNPs were observed
in the ITS region and LSU rRNA gene of our strains.

3.3. Cell dynamics of G. catenatum

3.3.1. Cell dynamics in the Taiwan Strait
Cell density was 1.2 × 106 and 6.1 × 104 cells L−1 in Zhangzhou

(stations ZP1, ZP2 in Fig. 1) and Quanzhou (station SS1 in Fig. 1) on
June 9, 2017 and June 8, 2018, respectively, as determined by LM
when the water temperature was around 26 °C. Using qPCR, around
three cells L−1 cells were detected at only one station (Q00) in No-
vember 2018 (Fig. 4A), and at only one station (X01) in July 2019
(Fig. 4C). Cells were detected at four stations (P05, P11, Q01–2 and
Q05) in May 2019, with the maximum density (~75.8 cells L−1) at
station P05 (Fig. 4B).

3.3.2. Cell dynamics in Xiamen Bay
Cells were only encountered once, with a cell density around 20

Fig. 4. Cell abundance of Gymnodinium catenatum determined by qPCR in water samples in Taiwan Strait in November 2018, May 2019 and July 2019.
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Fig. 5. Cell abundance of Gymnodinium catenatum in water samples in Xiamen Bay from December 2017 to August 2019. (A) Cell abundance examined by LM (B) Cell
abundance examined by qPCR. (C) Water temperatures in Xiamen Bay from December 2017 to August 2019.
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cells L−1 on June 11, 2018, as determined by LM (Fig. 5A). However,
using qPCR, cells were detected in May, June, September, November,
and December in 2018 and from February to April and August in 2019,
although the cell density was lower than 2 cells L−1(Fig. 5B).

3.4. Germination of G. catenatum cysts

The germination rate was only 64% at 11 °C, but exceeded 93%
from 14 to 23°C (Fig. 6). The time needed for germination was shorter
as the temperature increased. Germination was not observed until 18
days at 11 °C, but it took only six, four, three and one day at 14, 17, 20,
and 23 °C, respectively. Moreover, germinated cells did not divide at
11 °C. The germination rate decreased to only 73% at 23 °C after sto-
rage for two years at 4 °C.

3.5. Cyst abundance of G. catenatum

3.5.1. Cyst abundance in the Taiwan Strait
Cysts were detected at 10 of the 16 stations in April 2016, but cyst

density was generally low, ranging from 0.4 to 2.8 cysts cm−3 (Fig. 7A).
However, cyst density reached a maximum of 40.8 cysts cm−3 from
stations collected in March 2018 (Fig. 7B). Cysts were found in only two
of 10 stations in November 2018, with a density ranging from 0.4 to 1.2
cysts cm−3 (Fig. 7C), in three of eight stations in May 2019, which
ranged from 0.4 to 4.8 cysts cm−3 (Fig. 7D), and in six of eight stations
in August 2019, with a range from 0.4 to 4.8 cysts cm−3 (Fig. 7E). Only
one cyst was found in samples from the 13 stations near Quanzhou that
were collected on July 8, 2018, where a small bloom broke out on June
8, 2018.

3.5.2. Cyst abundance in Xiamen Bay
A preliminary survey around Xiamen Island on November 13, 2017

showed that cysts were present at 11 out of the 14 stations; with the
largest densities in the Jiulong river estuary (15.3 cysts cm−3) and
Western Harbor (14.1 cysts cm−3) (Fig. 7F). Intensive sampling in these
two areas in March 2018 showed that the cysts were present in all 11
stations, with a cyst density ranging from 1.2 to 84.4 cysts cm−3

(Fig. 7G). Empty cysts were found at some stations, accounting for 50%
of all cysts at some stations. Cyst abundance rapidly decreased, with a
maximum of 7.2 cysts cm−3 in May 2018 (Fig. 7H). Cyst abundance in

March 2019 was also low, with a maximum of 6.8 cysts cm−3 (Fig. 7I).
Cysts also had a vertical distribution and decreased with time. At

station JL11, the maximum density of 689 cysts cm−3 was found at
18–20 cm in March 2018, but this decreased to 58 cysts cm−3 at
12–14 cm in May 2018 (Fig. 8A). At station 7–1, the maximum density
of 32 cysts cm−3 was found at 12–14 cm in March 2018, which de-
creased to 19 cysts cm−3 at 4–6 cm in May 2018 (Fig. 8B).

3.6. Growth experiment

Strain TIO523 from the Taiwan Strait displayed growth at tem-
peratures between 17 and 26°C (Fig. 9A). The highest division rate was
0.53±0.10 divisions d–1 at 23 °C, which dropped slowly at higher and
lower temperatures. Division rates were similar at temperatures of
20 °C and 26 °C (around 0.40 divisions d–1) and higher than those at
17 °C (0.34 divisions d–1) .

Strain GCLY02 from the Yellow Sea displayed growth at tempera-
tures between 14 °C and 26 °C (Fig. 9B). The highest division rate was
0.49±0.17 divisions d–1 at 23 °C, which then declined at higher and
lower temperatures. Division rates were similar at temperatures of
14 °C and 26 °C (around 0.13 divisions d–1) .

3.7. Toxin profiles

All three strains, as well as cysts, were able to produce PSTs
(Fig. 10). N-sulfocarbamoyl toxins (C1/2, 53.0–143.5 pg cell−1) were
dominant in all strains, followed by decarbamoyl gonyautoxins
(dcGTX2/3, 26.7–52.1 pg cell−1), saxitoxin (STX, 0.3–14.8 pg cell−1),
and traces of GTX1/4 (0.7–2.3 pg cell−1), GTX2/3 (0.2–0.4 pg cell−1),
N-sulfocarbamoyl B1 (=GTX5, 0.2–1.9 pg cell−1) and dcSTX (0.6–1.4
pg cell−1). Cysts only produced B1 (6.5 pg cell−1) and dcSTX (0.6 pg
cell−1). Seven different GC toxins were detected in both cells and cysts
(Table 2), but the profiles varied among strains and cysts. While GC1
and GC3 were present in all samples all other GC toxins were only
present in some of the samples. For example, GC3b was only detected in
cysts, but not in any of the isolated strains. In contrast, GC1a, GC2a, and
GC6 were only detected in strains, but not in cysts (Table 2).

Fig. 6. Cumulative percentage germination over time of Gymnodinium catenatum cysts at a range of temperatures.
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4. Discussion

4.1. Morphological and molecular characterization of G. catenatum in the
Taiwan Strait

There is morphological and molecular evidence that G. catenatum is

responsible for the blooms in the Taiwan Strait in June of 2017 and
2018. A morphologically similar species, G. impudicum, was also re-
sponsible in the bloom sample in June 2018, but its density was low (Gu
personal observation). Gymnodinium impudicum can be separated from
G. catenatum due to its smaller size (average lengths 17 vs. 34 µm) and
its formation of shorter chains (maximum 16 vs. 64 cells) (Fraga et al.,

Fig. 7. Cyst density of Gymnodinium catenatum in sediment samples from Taiwan Strait in April 2016 (A), March 2018 (B), November 2018 (C), May 2019 (D) and
July 2019 (E), and in Xiamen Bay in November 2017 (F), March 2018 (G), May 2018 (H) and March 2019 (I).
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1995).
Gymnodinium catenatum cells collected on June 9, 2017 ranged from

30 to 52 µm in length, larger than typical cells (23 to 41 µm in length)
as reported previously (Rees and Hallegraeff, 1991). Cysts were also
present in the water samples suggesting that some of those large cells
were probably planozygotes. The cyst sizes from the Taiwan Strait were
significantly smaller (45.8±3.1 µm) than those from the Yellow Sea
(49.7±4.0 µm, n=9) (P<0.01, Gu et al., 2013). A cyst size difference
was also reported in Australian specimens and may be a genetically
determined, population-specific characteristic (Bolch and
Reynolds, 2002). In contrast, cysts of Gymnodinium nolleri and Gymno-
dinium microreticulatum were less than 38 µm and 28 µm, respectively
(Bolch et al., 1999; Ellegaard and Moestrup, 1999).

New morphological details were obtained for G. catenatum, espe-
cially the details of the ASC. An ASC consisting of three elongated ve-
sicles has been reported in Levanderina fissa (Moestrup et al., 2014),
Barrufeta resplendens (Gu et al., 2015), Gymnodinium dorsalisulcum, and
Gymnodinium impudicum (Luo et al., 2018), but this is the first time
three elongated vesicles have been reported in G. catenatum, especially
in newly formed cysts (Fig. 3D). Numerous small knobs were present in
the middle of the ASC in G. catenatum, as also reported in Levanderina
fissa (Moestrup et al., 2014) and Barrufeta resplendens (Gu et al., 2015),
but they were located in the outer row of vesicles in G. dorsalisulcum
and G. impudicum (Luo et al., 2018). We also identified the small knobs
that emerged from the round pores for the first time; however, the
details of the ASC in G. fuscum, the type species of Gymnodinium, is not
yet available (Romeikat et al., 2020). Molecular phylogeny based on
concatenated rRNA gene sequences revealed that G. catenatum is distant
from G. fuscum but is grouped together with G. nolleri, G. micro-
reticulatum, G. trapeziforme and G. inusitatum; all of them have a mi-
croreticulate cyst (Gu et al., 2013; Wang et al., 2017; Romeikat et al.,
2020). This may therefore warrant a new genus.

Gymnodinium catenatum strains from the Taiwan Strait had cytosine
(C-gene) at the 5th base of the 5.8S rRNA gene, as also reported in

strains from Spain, Portugal, Uruguay, Singapore, South Korea, Hong
Kong, Japan (Bolch and De Salas, 2007), the Yellow Sea, China
(Gu et al., 2013), Mexico, and Algeria, suggesting that this ribotype
represents a global population (Table 3). In contrast, G. catenatum
strains from Australia, New Zealand, and Japan had a thymidine (T-
gene) at the 5th base of the 5.8S rRNA gene (Bolch and De Salas, 2007).
An LSU RNA gene sequence comparison also revealed that our strains of
G. catenatum shared identical sequences with those obtained elsewhere.
The only exceptions were one Spanish strain, which differed in five
positions (Hansen et al., 2000) and several strains from Bahía Con-
cepción, Mexico, which had a cytosine instead of guanine at position
453 (Band-Schmidt et al., 2008). No SNP was observed in the ITS region
of our strains, unlike some Portuguese strains, which have two SNP at
positions 57 and 117 of the ITS1 region (Silva et al., 2015).

4.2. The G. catenatum ecotype in the Taiwan Strait

Recurrent G. catenatum blooms occur in the Taiwan Strait in early
summer when water temperatures are around 26 °C, suggesting that
this population belongs to the warm water ecotype, as also reported in
Manila Bay in The Philippines, Singapore, Sabah in Malaysia, Thailand,
and Acapulco Bay in Mexico (Corrales et al., 1996; Holmes et al., 2002;
Lirdwitayaprasit et al., 2008; Adam et al., 2011; del Castillo et al.,
2020). In contrast, blooms have been reported in the Gulf of California,
southern Tasmanian estuaries, and Rías Baixas of Galicia, Spain where
water temperatures are between 12 °C and 17 °C, suggesting that these
are populations of cold water ecotypes (Graham, 1943; Morey-
Gaines, 1982; Hallegraeff et al., 1988; Figueroa et al., 2008). A mod-
erate ecotype might exit based on blooms recorded in Bahía Concep-
ción, Mexico (18.0–25.0 °C) (Gárate-Lizárraga et al., 2004), Mazatlán,
Sinaloa in Mexico (22 °C) (Morey-Gaines, 1982), and in the Yellow Sea,
China (23.0 °C) (Jiao et al., 2010).

The growth experiments also suggest that there were different
ecotypes within G. catenatum. Our strains grew best at 23 °C, but the

Fig. 8. Vertical distribution of Gymnodinium catenatum cysts in sediment cores of stations JL11 (A) and 7–1 (B) from Xiamen Bay in March 2018 and May 2018.
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maximum growth rate (0.31/day) was obtained at 25 °C and 30 °C in a
strain isolated from Hiroshima Bay, Japan (Yamamoto et al., 2002), and
a strain from Hong Kong that grew best at 25 °C (Zhang, 2009). Several
strains from the Pacific coast of Mexico and northwest Spain showed
maximum growth at 24 °C or even 30 °C (Bravo and Anderson, 1994;
Band-Schidmt et al., 2014). In contrast, the vegetative growth of strains
from Tasmania, Australia was optimal at temperatures from 14.5 to
20 °C (Blackburn et al., 1989), which was consistent with the bloom
temperatures (Hallegraeff et al., 1988). However, strains from the same
locality might display different physiological responses, e.g., two strains
from Bahía Concepción grew from 15 to 29 °C with highest growth rates
from 21 to 29 °C (Band-Schmidt et al., 2004) and 21–30 °C (Band-
Schmidt et al., 2010), implying that different ecotypes might occur in
sympatry. Although both of our strains grew best at 23 °C, GCLY02 from
the Yellow Sea displayed growth at 14 °C whereas TIO523 from the
Taiwan Strait did not, suggesting that they were physiologically dif-
ferentiated.

4.3. Coupling of cyst and cell dynamics

4.3.1. G. catenatum cyst germination
Cysts must spend a period of dormancy before germination. This

dormancy can last from six days to two weeks for Australian
(Blackburn et al., 1989) and Spanish G. catenatum cysts (Figueroa et al.,
2006; Bravo et al., 2010; Figueroa et al., 2010). Unfortunately, the
dormancy period of cysts in Taiwan Strait is unknown because we failed
to generate cysts in culture. Cyst germination was observed at 11 °C
after 17 days of incubation in cysts from the Taiwan Strait, however
Australian cyst germination occurred at 4 °C (Blackburn et al., 1989),
indicating that they belong to warm and cold ecotypes, respectively.
Cysts have been reported to remain viable in a darkened refrigerator for
one year (Blackburn et al., 1989), but in this study we found that they
remained alive for at least two years, suggesting that they have the
potential to consistently provide seedlings.

4.3.2. G. catenatum cyst dynamics
Gymnodinium catenatum cysts are rare and often not detected

Fig. 9. Growth responses of Gymnodinium catenatum under various temperatures. (A) strain TIO523 from Taiwan Strait; (B) strain GCLY02 from Yellow Sea.
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(Godhe et al., 2001; Pospelova et al., 2002; Joyce, 2004;
Zonneveld et al., 2009; Satta et al., 2010;), typically accounting for less
than 3% of the total cyst assemblage (Matsuoka and Fukuyo, 1994;
Godhe et al., 2000; Pospelova and Kim, 2010). Gymnodinium catenatum
cysts were also rare in the Taiwan Strait before the bloom (Fig. 7A);
however, cyst density increased rapidly after the bloom, as reported
here (Fig. 7B), and in Spain (Bravo et al., 2010). A high cyst density was
also reported in Bahía Concepción, Mexico and southern Tasmania
where G. catenatum blooms are common (Bolch and Hallegraeff, 1990;
Morquecho and Lechuga-Devéze, 2004). It is therefore reasonable to
assume that encystment might play an important role in the decline of
G. catenatum blooms.

The absence of cysts in sediments from locations where blooms
occurred in June 2018 suggested that local cyst production might not
necessarily be reflected in the sediments. The cyst concentration was
quite uneven in the Taiwan Strait and Xiamen Bay, with high cyst
densities observed at only a few stations (Figs. 7B and 8B), supporting
the idea that sedimentation plays an important role in cyst distribution
(Dale, 1976). The presence of cysts in sediment as deep as 32 cm in
Xiamen Bay was surprising as they were not detected during previous
surveys (Gu personal observation). The vertical distribution of cysts
might be attributed to disturbances by regular dredging in Xiamen
Harbour. The maximum cyst density was 689 cysts cm−3 at 18–20 cm
in Xiamen Bay, compared to 1900 cysts cm3 after the bloom on the
Galician coast (Bravo et al., 2010). However, there was a considerable
decrease in cyst density in the Taiwan Strait as well as in Xiamen Bay,
as also reported in the Rias Baixas of Galicia, Spain (Bravo et al., 2010).
Therefore, the role of the cyst bank in bloom initiation cannot be
overestimated.

4.3.3. Cell dynamics
Gymnodinium catenatum cells are present in the Taiwan Strait and

Xiamen Bay throughout the year, although the cell density is low. These
cells may persist in the water column or be supplemented from cysts
because continuous germination is possible. Persistent cells were also
reported in the Galician coast (Bravo et al., 2010) and southern Tas-
manian waters (Hallegraeff et al., 1995) where recurrent blooms have
occurred, suggesting that these cells have the potential to initiate a
bloom. The two blooms were observed very close to the coast (stations
ZP1, ZP2 and SS1 in Fig. 1) in 2017 and 2018, raising the question of
whether they were local or transported from offshore. The relatively
high concentration of cells at station P05 in May, 2019 (Fig. 4B) sug-
gested that the advection of cells from offshore to the coast is possible,
as also reported in the Galician coast (Bravo et al., 2010). It is inter-
esting to note that the two blooms in the Taiwan Strait were consistent
with the occurrence of the 2017/2018 La Niña (Zhang et al., 2019). The
cold La Niña events would cause a partial stratification of the water
column with a shallow nutricline favoring G. catenatum, which could
migrate vertically (Fraga and Bakun, 1993).

4.4. Toxin profiles

At least 36 people from Zhangzhou were intoxicated after con-
suming mussels on June 8, 2017 (Chen, 2018). The occurrence of a G.
catenatum bloom in this area (stations ZP1, ZP2 in Fig. 1) on June 9,
2017 and the detection of PSTs in the strains confirmed that this species
was responsible for the intoxication event. The toxin profiles are useful
markers enabling the differentiation of populations from different re-
gions (Negri et al., 2007). Strains from the Taiwan Strait produce pre-
dominately C1+2 and dcGTX2+3 without C3+4, and therefore can be
separated from the Hong Kong and Yellow Sea strains, which produce
abundant C3/C4 (Negri et al., 2001; Gu et al., 2013). The Taiwan Strait
strains also differ from those in Singapore which do not produce C
toxins and dcGTX2/3 (Holmes et al., 2002). The Taiwan Strait strains

Fig. 10. Histograms showing the PSTs toxin composition of Gymnodinium catenatum strains established by germinating cysts and cysts from the sediment.

Table 2.
PST profiles of Chinese Gymnodinium catenatum strains and cysts (pg cell−1; +: present; nd: not detected).

C1/2 GTX1/4 GTX2/3 dcGTX2/3 B1 dcSTX STX GC1 GC2 GC3 GC1a GC2a GC3b GC6

Cysts nd nd nd nd 6.5 1.7 nd + + + nd nd + nd
TIO529 53.0 0.7 0.2 26.7 0.2 0.6 7.6 + nd + nd nd nd +
TIO527 99.8 1.3 0.3 52.1 1.6 1.4 0.3 + + + nd nd nd nd
TIO523 143.5 2.3 0.4 48.0 1.9 0.8 14.8 + nd + + + nd +
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were similar to Japanese strains in that neither of them produce C3+4;
however, no GC toxins were reported for Japanese strains (Negri et al.,
2007; Oh et al., 2010). The lack of detection of GC toxins in the Ja-
panese G. catenatum strains may very well be a methodological issue
and does not necessarily reflect the absence of GC toxins in these
strains. In 2007, when Negri et al. (2007) published their results, only
GC1, GC2, and GC3 were known and accordingly only these three
variants were tested for and were found to not be present in the Ja-
panese strains. Oh et al. (2010) did not test for the presence of GC
toxins at all. For this reason very little information on the production of
GC toxins by Japanese strains of G. catenatum is available. Given that
GC1 and GC3 were present in all G. catenatum samples from the Taiwan
Strait including strains and cysts, but were absent in the Japanese
strains analyzed by Negri et al. (2007), the GC toxin profiles clearly
differ between G. catenatum populations in Japanese and Chinese
coastal waters. In addition, the production of GTX1/4 and STX also
separate our strains from those from Australia, South Korea, Mexico,
Spain, Portugal and Uruguay, and Malaysia (Hallegraeff et al., 2012).
Our strains were unique in the PST profiles compared to strains from
elsewhere (Table 3), suggesting that they represented a separate po-
pulation.

The PST profiles of G. catenatum cysts is reported here for the first
time, rejecting the idea that bacterial community is necessary for PST
production in G. catenatum (Albinsson et al., 2014). Only B1, dcSTX and
four GC toxins were detected compared to 17 toxins identified in the
cells. In contrast, Alexandrium tamarense cysts produce the same ten
toxic components as vegetative cells, which only differ in their relative
abundance (Oshima et al., 1992). The toxicity of Alexandrium cysts have
been reported to be ten and six-fold higher than that of cells (Dale et al.,
1978; Oshima et al., 1992), but a similar toxicity of cysts and cells has
also been reported (Oshima et al., 1982; White and Lewis, 1982).
Alexandrium tamarense is known to comprise several different species
and their toxicity can vary (John et al., 2014). Alexandrium tamarense is
now considered to be an entirely nontoxic species, and therefore the
previous surveys definitively refer to different species according to the
current taxonomic nomenclature. Gymnodinium catenatum cysts are able
to produce GC toxins, but quantification is not possible due to a lack of
standards. During routine shellfish monitoring GC toxins are often ne-
glected, which might underestimate the potential risk of G. catenatum
blooms.

5. Conclusion

The findings of complex GC toxin profiles in G. catenatum strains
from Taiwan Strait highlight the importance of toxicity testing of GC
toxins and their survey in monitoring programs in this region. Cyst
survey during routine monitoring will also help to predict potential
future blooms.
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