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Abstract :

To understand environmental effects affecting paralytic shellfish toxin production of Centrodinium
punctatum, this study examined the growth responses, and toxin contents and profiles of a C. punctatum
culture exposed to drastic changes of temperature (from 5-30°C) and salinity (from 35 to 15-40). C.
punctatum grew over a temperature range of 15-25°C, with an optimum of 20°C., and over a salinity
range of 25-40, with optimum salinities of 30—35. This suggests that C. punctatum prefers relatively warm
waters and an oceanic habitat for its growth and can adapt to significant changes of salinity levels. When
C. punctatum was cultivated at different temperature and salinity levels, the PST profile included four
major analogs (STX, neoSTX, GTX1 and GTX4, constituted >80% of the profile), while low amounts of
doSTX and traces of dc-STX and dc-GTX2 were also observed. Interestingly, though overall toxin
contents did not change significantly with temperature, increases in the proportion of STX, and decreases
in proportions in GTX1 and GTX4 were observed with higher temperatures. Salinity did not affect either
toxin contents or profile from 25 to 35. However, the total toxin content dropped to approximately half at
salinity 40, suggesting this salinity may induce metabolic changes in C. punctatum.
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Highlights

» Centrodinium punctatum prefers warm waters and an oceanic habitat for its growth. » Toxin contents
of Centrodinium punctatum do not change significantly with temperature. » A salinity of 40 can decrease
the toxin contents of Centrodinium punctatum.

Keywords : East China Sea, PST, STX, neoSTX, Gonyautoxin



1. Introduction

Over the last few decades, paralytic shellfish poisoning (PSP) has been reported from many
coastal areas (e.g. Sommer et al., 1937; Anderson et al., 2012; Yfiguez et al., 2020), and several PSP
outbreaks have caused human intoxication and death, serious economic losses in fisheries industries
and negative impact on marine ecosystem (e.g. Hallegraeff, 1993; Azanza and Taylor, 2001; Anderson

et al., 2012). Because of such outbreaks, the relationships between toxin production of the causative
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organisms and environmental factors have been intensively studied, and numerous reports indicated
that toxin contents and profiles are affected by variations in salinity (White, 1978; Cembella, 1998;
Hamasaki et al., 2001; Etheridge and Roesler, 2005; Lim and Ogata, 2005; Laabir et al., 2013; Shi et
al., 2022) and temperature (Cembella, 1998; Hamasaki et al., 2001; Etheridge and Roesler, 2005; Lim
et al., 2006; Navarro et al., 2006; Laabir et al., 2013; Band-Schmidt et al., 2014; Kim et al., 2021; Lin

et al., 2022; Shi et al., 2022).

Many species of Alexandrium, Gymnodinium catenatum and Pyrodinium bahamense have been
reported as the main toxic dinoflagellates responsible for the PSP outbreaks in marine waters (Harada
et al., 1982; Oshima, 1987; Anderson et al., 1994; Taylor et al., 2003; Lundholm et al., 2009; Lassus
et al., 2016; Band-Schmidt et al., 2019; Mertens et al., 2020), while some freshwater cyanobacteria
have also been shown to produce paralytic shellfish toxins (PSTs) (Wiese et al., 2010). Recently, the
marine dinoflagellate, Centrodinium punctatum (Cleve) F.J.R. Taylor, was reported to produce
saxitoxins (STXs) (Shin et al., 2020). According to Shin et al. (2020), C. punctatum maintained at a
fixed temperature and salinity (20°C and a salinity of 35) produced high cellular toxicity compared to
other STX-producing dinoflagellates; the estimated cellular toxicity was between 91 and 212 pg cell™
(or 259 and 601 fmol cell™), and the toxin profile was dominated by STX, GTX1, neoSTX, GTX2,
GTX4 and GTX3. However, in that study the effects of change in temperature and salinity levels on

the toxin contents and profiles of C. punctatum had not been assessed.

Centrodinium species are widely distributed in oceanic waters (Hernandez-Becerril et al., 2010
and references therein). Nevertheless, information on morphology, phylogeny and ecological niche of
Centrodinium species is very limited or lacking. In the Centrodinium species, the phylogenetic
position and detailed morphological features of C. punctatum were reported, recently; C. punctatum
has a close genetic relationship with the genus Alexandrium, despite the significant morphological
differences between C. punctatum and Alexandrium species (Li et al., 2019). The previously studied C.
punctatum strain was established by isolating single cell from the East China Sea (ECS) (Fig. 1). The

ECS is a highly dynamic sea that is strongly influenced by several different hydrographically distinct
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water bodies, including the Changjiang River diluted water (CDW), the Tsushima Warm Current
(TWC) that is a branch of Kuroshio water, and the Taiwan Warm Current water (Hu and Yang, 2001;
Yuan et al., 2008). Several particular properties of these waters are known to promote blooms of
harmful or toxic species in the ECS (Zhou et al., 2008; Li et al., 2009; Li et al., 2012; Zhou et al.,

2015; Wang et al., 2018; Zhou et al., 2019; Sun et al., 2022).

The effects of environmental factors on growth and toxin contents of toxic dinoflagellates such as
Alexandrium species and G. catenatum have been well studied (e.g. Anderson et al., 2012; Band-
Schmidt et al., 2019), leading to major advances in understanding their physiology, ecology and
toxicology. Water temperature and salinity have been commonly regarded as the main environmental
factors that affect the toxin production and growth of harmful or toxic dinoflagellates (White, 1978;
Anderson et al., 1990a; Usup et al., 1994; Cembella, 1998; Parkhill and Cembella, 1999; Hamasaki et
al., 2001; Lim and Ogata, 2005; Wang and Hsieh, 2005; Laabir et al., 2013; Band-Schmidt et al., 2014,
Brandenburg et al., 2020; Shi et al., 2022). However, the growth and toxin production of C. punctatum
in relation to changes in water temperature and salinity remain largely unknown, as cultured isolates
are rare. Hence, this study examines for the first time the growth responses and changes in the toxin

contents and profiles of C. punctatum exposed to drastic changes of temperature and salinity.

2. Materials and methods

2.1. Culture of Centrodinium punctatum

A strain of Centrodinium punctatum (LIMS-PS-2525; previously studied by Li et al., 2019, Shin
et al., 2020), which was established from a surface seawater sample that was collected from the ECS
(31°59'53"N, 127°41'59"E) (24°C and salinity of 33.7) (Fig. 1), was obtained from the Library of
Marine Samples, Korea Institute of Ocean Science and Technology (KIOST). As preliminary
examinations indicated that cell growth of C. punctatum under a 12L:12D photo-cycle is lower than

that under a 24L.:0D photo-cycle and that C. punctatum did not maintain growth without a roller
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apparatus (Shin et al., 2020), all experimental cultures in this study were incubated using a roller
apparatus (2 rpm) (Wheaton, USA) under a 24L.:0D photo-cycle, with an irradiance of ca. 1200 umol
photons m™ s™ cool-white illumination. The strain in KIOST has been maintained in 2L culture
bottles (SPL, Korea) containing f/2 culture medium (Marine Water Enrichment Solution, Sigma
Aldrich, USA) without silicate, prepared with sterile sea water (salinity of 35) (filtered through a 47

mm GF/F filter (Hyundai micro, Korea) with a pore size of 0.7 and autoclaved) at 20 "C and ca. 100

pmol photons m™ s™ cool-white illumination. In this study, experimental cultures were established
from exponentially growing cells.
2.2. Culturing of Centrodinium punctatum at different temperatures and salinities

To estimate the growth responses of Centrodinium punctatum culture exposed to drastic changes
of temperature and salinity, experiments were performed under six different water temperatures (5, 10,
15, 20, 25, and 30°C) and eight levels of salinity (15, 20, 25, 27.5, 30, 32.5, 35 and 40) without
acclimation of the culture, but the conditions of the combined temperature and salinity levels reflect
the range of naturally occurring conditions (e.g. Sun et al., 2022). The target temperatures were
established in temperature-controlied incubators, and salinity levels were obtained by evaporating or
diluting seawater with ultra-distilled water. The culture experiments to investigate the effect of
temperature were performed at a salinity of 35, while the effect of salinity was examined at 20°C. For
the culture experiments, aliquots of C. punctatum with concentrations ranging from 200 to 300 cells
mL™ were inoculated into 1L culture bottles (SPL, Korea) filled with f/2-Si culture medium using
seawater (salinity of 35) from the ECS (32°00'N, 127°00'E), and placed in the incubators for 26 days.
All experiments on growth were conducted in triplicate. Duplicate samples were harvested at the end

of the incubation period for toxin analysis.

2.3. Calculation of growth rate
For growth experiments, 1 mL subsamples were collected from each of the three replicate

cultures and fixed with Lugol’s solution (final concentration 1%). The cells were counted with a
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Sedgewick-Rafter counting slide on an upright microscope (ECLIPSE Ni; Nikon, Japan) every two
days. Mean cell concentration (from three replicates) was used to calculate the specific growth rates
(u, d) of Centrodinium punctatum. Calculation for the specific growth rate was made the following

equation (Guillard, 1973):
Specific growth rate (1) = In (N./Ny) /At

where N and N are the cell concentrations (cells mL™) at the initial and final time during the
incubation experiments, respectively, and At is the length of exponential phase (day) (Supplementary

data).

2.4. Toxin analysis

In this study, toxin analysis was performed as in Shin et al. (2020), on the cultures of
Centrodinium punctatum exposed to different temperature and salinity levels only, and two samples
were used for PST analysis (Table S1). Briefly, freeze-dried cell pellets were extracted with acetic
acid 1% in an ultrasonic bath, followed by Solid Phase Extraction purification on ENVI-carb
cartridges (250 mg, Supelco). Analysis was performed by HILIC-MS/MS (hydrophilic interaction
liquid chromatography) and samples were injected randomly. Toxins (C1-4, GTX1-6, dc-GTX2-3,
dc-NEO, dc-STX also used to quantify do-STX, neoSTX, STX) were quantified using certified
calibration solutions (NRCC, Halifax, NS, Canada) and matrix-matched calibration curves. The final
concentrations were obtained after correction by the solid-phase extraction (SPE) recovery (SPE-

recoveries are given per batch and analog in Table S2).

2.5. Statistical analysis

Data for growth rates and maximum cell densities of C. punctatum cultivated at different
temperatures and salinity levels were presented as mean and standard deviation, and values for toxin
contents were expressed as mean. One-way analysis of variance (ANOVA) followed by Tukey’s test

was performed using MS Excel Professional Plus 2016 Analysis ToolPAK to compare the difference



Journal Pre-proof

in cell densities between treatments for temperature and salinity.. Differences were considered

significant when p < 0.05, and p value was given to indicate the level of difference in the text.

3. Results

3.1. Growth responses of Centrodinium punctatum exposed to drastic changes of temperature and
salinity
Growth of Centrodinium punctatum exposed to drastic changes of temperature was observed

between 15 and 25°C, whereas at 5 and 10°C the cell densities gradually decreased after inoculation
(Fig. 2A; Table 1). No survival was observed at 30°C. At 15°C, C. punctatum slowly grew until day
16 of incubation (i.e. exponential growth phase) and then entered the stationary phase. Cells at 20°C
grew consistently until day 18 of incubation, and the senescence phase was observed from day 24 of
incubation. The maximum cell density (1,087 cells mL™) during the incubation period was observed
at 20°C, which was the optimal temperature here (Fig. 2A; Table 1; Supplementary data). At 25°C, C.
punctatum grew until day 12 and then entered the stationary phase, and cell density rapidly decreased
at day 24 of incubation. Within the temperature range that the growth of C. punctatum was observed
(15, 20 and 25°C), the changes in cell densities showed statistically significant differences (one-way
ANOVA, p < 0.05), and growth rate in the exponential growth phase ranged from 0.06 to 0.08 day ™

(Table 1).

When Centrodinium punctatum was exposed to drastic changes of salinity, it grew at salinities
from 25 to 40, while no growth and eventually cell death were observed at salinities of 15 and 20 (Fig.
2B; Table 1). Similar growth patterns with relatively high cell densities were observed at salinities
from 30 to 35 (optimal salinity) (one-way ANOVA, p > 0.05); C. punctatum grew exponentially
until 22 days of culture, which was followed by a senescence phase. With decreasing salinities, the
duration of the exponential growth was reduced (i.e. up to day 14 for a salinity of 25, day 18 for a
salinity of 27.5 and day 24 for a salinity of 40) (Supplementary data). Maximum cell densities during

the incubation period were higher at salinities from 27.5 to 40 (> 1000 cells mL™) and highest at
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salinities of 32.5 (1271 cells mL™) (Table 1). Within the salinity ranges that growth of C. punctatum
was observed, no significant difference (one-way ANOVA, p>0.05) in cell density and specific growth
rate (0.07 to 0.08 day™) at the exponential phase were observed among the cultures with different

salinities (Table 1).

3.2. Toxin profiles and contents of Centrodinium punctatum exposed to drastic changes of

temperature and salinity

Toxin profiles in cultures of Centrodinium punctatum exposed to drastic changes of temperature
and salinity were dominated by 6 analogs (STX, neoSTX, GTX1, GTX2, GTX3 and GTX4), while
low amounts of doSTX (quantified in 16/20 samples, <LOQ for 2/20), or traces of dc-STX and dc-
GTX2 were sometimes observed (quantified in only 3/20 samples) (Fig. 3; Table 2). Surprisingly, no

toxin was detected at 5°C in both the duplicated samples.

When toxins were detected (10-25°C), STX, GTX1, GTX4 and neoST X were the four major
analogs (>80% of the total toxin content), followed by GTX2, GTX3 and doSTX. The concentration
of STX was detected to be the lowest at 10°C (55 fmol cell™) and the highest at 25°C (118 fmol cell™),
respectively. At 15°C, 20°C and 25°C, GTX1 and GT X4 decreased with increase in temperature (Fig.
3; Table 2). Deoxy-saxitoxin (doSTX) was undetectable at 10°C, and was the highest at 25°C. The
mean total toxin content ranged from 210 to 288 fmol cell™ (from 227 to 297 fmol STXeq cell™) when
toxicity equivalent factors based on Botana et al. (2017) were considered (i.e. traces of doSTX were
excluded). The highest value of toxin contents was obtained at 15°C (Table 2). No clear tendency was

observed for the toxin contents in relation to different temperature levels.

For cultures of C. punctatum harvested at different salinity levels, the toxin profile was
characterized by the dominance of STX, GTX4, GTX1 and neoSTX (> 85% of the total toxin content),

followed by GTX3 and GTX2 (Fig. 3; Table 2). Two additional analogs (dc-STX and dc-GTX2) were
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also detected, albeit at very low levels (<0.29 fmol cell*, Table 2). The analogs dc-STX and dc-GTX2
were not observed when C. punctatum cultivated at different temperatures, and were both detected in
cultures with a salinity of 30, while only dc-GTX2 was detected at a salinity of 40. The proportion of
each analog (STX, GTX4, GTX1, neoSTX, GTX3 and GTX2) was quite similar to those at different
temperatures and remained constant in all samples. The highest proportion of STX (42.9%) was found
at a salinity of 40, whereas STX had the lowest proportion at a salinity of 30 (34.5%) (Fig. 3). The
total toxin content ranged from 111 to 276 fmol cell™ (from 113 to 286 fmol STXeq cell™®), with the

highest value at salinity 27.5 and the lowest at salinity 40.

4. Discussion

4.1. Temperature and salinity preferences of Centrodinium punctatum for growth

According to Li et al. (2019), Centrodinium punctatum was isolated from the ECS when the
water temperature was 24°C and salinity of 33.7, and then immediately cultured at room temperature
of 22°C and salinity of 35. In addition, the isolate was transported to laboratory and incubated at 20°C,
and then a strain was successfully established. This indicates that C. punctatum may have the ability
to adapt quickly to sudden changes of temperature and salinity. Consequently, we consider that the
growth responses of the C. punctatum culture exposed to significant changes of temperature and
salinity in this study reflect its temperature and salinity preference for growth, although the culture
was not acclimated to the respective experimental conditions.

The strain of Centrodinium punctatum had a narrow temperature range for growth (15-25°C),
with an optimal temperature of 20°C, indicating that this species prefers warm waters. Okolodkov and
Dodge (1997) recorded that C. punctatum is found in the warm waters of the Atlantic including North
of the Canary Islands and Pacific Ocean. Similarly, according to Herndndez-Becerril et al. (2010),
Centrodinium species are mainly distributed in warm-water regions, including tropical and subtropical

areas.
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Several studies have reported that the growth of dinoflagellates under different temperature
conditions can vary among strains of same species, and this may be indicative of local adaptation to
different temperatures in specific geographic areas (Ichimi et al., 2001; Navarro et al., 2006; Kibler et
al., 2012; Tawong et al., 2015; Sparrow et al., 2017; Gémin et al., 2021; Ramilo et al., 2021). The
ECS, from which a single cell of C. punctatum was isolated to incubate the strain studied here, is
strongly affected by both the TWC, that is the branch of the Kuroshio Current characterized by warm
temperature and high salinity, and the intrusion of the CDW characterized by relatively high
temperature and low salinity (Fig. 1) (Ichikawa and Beardsley, 2002; Teague et al., 2003; Yasuda,
2003). According to Zhou et al. (2019), Sun et al. (2022) and Wang et al. (2022), the warm water
currents in the ECS are known to play an important role in affecting the abundance and distribution of
dinoflagellates. It is thus possible that the temperature preference of C. punctatum can be a successful
adaptation to the warm water currents in the ECS. However, more growth experiments on other
isolates of C. punctatum are needed to determine whether the temperature preference is stable for all

isolates collected from the ECS.

Among the PST-producing dinoflagellates, Alexandrium species are phylogenetically related to C.
punctatum, and in particular Alexandrium affine displayed the closest genetic resemblance to C.
punctatum (Li et al., 2019). Growth of A. affine collected from Asian coastal waters has been recorded
in temperature ranges between 15 and 30°C, and its maximum growth rates were in the range of 0.37—
0.70 day ™ (Nguyen-Ngoc, 2004; Lim et al., 2007; Jeong et al., 2010; Kim et al., 2019; Lim et al.,
2019). Compared to the growth responses of C. punctatum, A. affine seems to be able to tolerate
broader temperature ranges and have higher growth rates (Nguyen-Ngoc, 2004; Lim et al., 2007). In
addition, maximum growth rates of more than 0.3 day™ have been reported for other Alexandrium
species (Alexandrium catenella, A. fraterculus, A. insuetum, A. minutum, A. pacificum, A. peruvianum,
A. tamarense and A. tamiyavanichii) from Asian coastal waters (Fukuyo, 1982; Yamamoto and
Tarutani, 1997; Hamasaki et al., 2001; Ichimi et al., 2001; Lim and Ogata, 2005; Wang and Hsieh,
2005; Matsuda et al., 2006; Oh et al., 2012; Shin et al., 2014; Lee et al., 2019; Li et al. 2021; Han et al.

2022), indicating that the growth rate of C. punctatum is quite low compared to those of Alexandrium
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species.

C. punctatum grew at a wide salinity range of 25-40, however lower salinities (15 and 20)
inhibited its growth, indicating that C. punctatum exhibits a preference to higher salinity and should
thus be considered to prefer an oceanic habitat. Hernandez-Becerril et al. (2010) also documented that
Centrodinium species including C. punctatum mainly occurred in oceanic areas (see table 2 in their
publication). In contrast to C. punctatum, A. affine tolerated the salinity of 10 (Nguyen-Ngoc, 2004),
and many Alexandrium species exhibited strong tolerance to low salinity (< 15) (Nhu Bui et al., 2021
and references therein). The majority of Alexandrium species are known to be rather euryhaline and
have salinity adaptation ranges reflecting the natural habitats from which the species or strains
originated (Lim and Ogata, 2005; Lim et al., 2011; Nhu Bui et al., 2021). In the ECS, the seasonal
variability of surface salinity for three years (2018-2020).is in the range of 29.8-34.1 (Sun et al.,
2022), which are within the recorded optimal salinity (salinities of 30 and 35) of C. punctatum. This

species is therefore expected to be well adapted to the salinity range typically occurring in the ECS.

The ECS is connected with the East Sea of Korea (Sea of Japan) through the Korea Strait, and
along the continental slope of the ECS, the TWC that branch from the Kuroshio Current, enter into the
Korean and Japanese coastal areas (Fig. 1) (Lie and Cho, 1994; Hu and Yang, 2001). These currents
have been suggested to transport dinoflagellates including harmful species such as Margalefidinium
polykrikoides and Prorocentrum obtusidens into Korean and Japanese coastal bays (Lee, 2006; Shin et
al., 2019). However, occurrences of C. punctatum have not been recorded in Chinese, Japanese and
Korean coastal bays so far. Salinity in Korean and Japanese coastal bays can dramatically change and
lower salinity waters (<25) may also occur, because of the input of fresh water from the many streams
and rivers during the summer monsoon (Jang et al., 2010; Lee et al., 2014; Yoshimatsu et al., 2014
and references therein). In addition, the ocean currents around the Changjiang river estuary of China,
which is located at western part of the ECS (Fig. 1), are very complicated and salinity can vary
dramatically (Zhou et al., 2003). Thus, such a low salinity effects in Asian coastal areas may be able

to restrict the distribution of C. punctatum within the ECS.
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In the present study, it is interesting to note that the growth experiments of C. punctatum could
not be carried out without a roller apparatus, albeit at a low movement rate (2 rpm)
Similarly, stock cultures of some dinoflagellates cultivated on a rotating wheel have
been used for the growth experiments
The roller apparatus ensures that cells stay in suspension as caused by turbulent mixing
indicating that cells of C. punctatum in stagnant water may not highly control their buoyancy
or swimming, which is possibly related to the comparatively large cell size. Unless water masses are
highly stratified such as in estuarine embayments, phytoplankton in the ocean experiences an active
and variable fluid mixing caused by wind, waves and currents, and the turbulent water motion may
have both positive and negative effects on cell physiology
Although'in the present study the
relationship between growth of C. punctatum and quantified turbulent mixing was not examined,
small-scale turbulence seems to have a positive effect on C. punctatum growth. Probably, the
experimental conditions in the present study indicate the habitat preference of C. punctatum for mixed

water column conditions in the natural environment.

4.2. Toxin profiles and contents of Centrodinium punctatum

Interestingly, there were no significant compositional changes in the toxin profiles of
Centrodinium punctatum cultures exposed to drastic changes of temperature and salinity. In
Alexandrium species and Gymnodinium catenatum, the toxin profile can be related to a phenotypic
trait, although amounts are variable among strains (Anderson et al., 1990a; Oshima et al., 1993;
Franco et al., 1994; Parkhill and Cembella, 1999; Yoshida et al., 2001). Shin et al. (2020) concluded
that the toxin profile of C. punctatum, which has been maintained under the fixed culture conditions
(20°C and a salinity of 35), is distinct from Alexandrium species, excluding Alexandrium minutum

(e.g., Yoshida et al., 2001; Wang and Hsieh, 2005; Lim et al., 2006; Wang et al., 2006; Orr et al., 2011;
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Laabir et al., 2013; Band-Schmidt et al., 2019). The conclusion is supported by the results in the
present study as toxin analogs did not change significantly even at drastic changes of temperature and
salinity. However, more strains of C. punctatum from the ECS and also from different geographical

regions should be investigated to clarify this phenotypic trait.

It is noteworthy that at 15°C, 20°C and 25°C, where significant growth of C. punctatum was
observed, lower proportions of GTX1 and GTX4 were observed with higher temperatures (Fig. 3;
Table 2). The relationship between toxin proportion and temperature is not well understood. However,
as several studies documented the responses of GTX1 and GT X4 of Alexandrium species to changes
in concentrations of nutritional factors, salinity, and growth phase (e.g. Anderson et al., 1990b;
Hwang and Lu, 2000; Lim et al., 2006; Xu et al., 2012; Laabir et al., 2013; Perini et al., 2014), more
studies are needed to examine the production of these toxin analogs in response to environmental

factors including temperature.

Some publications documented that high growth of Alexandrium species may result in reduced
toxicity, because the toxin concentrations can get quickly diluted in the daughter cells during the
frequent divisions, establishing an inverse relationship between growth rates and toxicity (Ogata et al.,
1987; Sakamoto and Kotani, 1998; Lim and Ogata, 2005). Several publications agree with this
conclusion (e.g. Anderson et al., 1990a; Hamasaki et al., 2001; Ichimi et al., 2002; Navarro et al.,
2006; Kim et al., 2021). Similarly, in the present study, a small decrease in total toxin content was
observed at 20°C where the cell densities of C. punctatum slightly increased, compared with 15 and
25°C (Table 1 and 2). In addition, the toxin content at 10°C with no growth of C. punctatum was
slightly higher than that at 20°C, and at salinity of 25 where the highest growth rate of C. punctatum
was recorded the toxin content was low (Table 1 and 2). Kodama (1990) found no clear correlation
between growth rate and cellular toxin content in different isolates of A. tamarense. Similarly, toxin
production of C. punctatum here does not appear strongly affected by growth, other than dilution by
higher cellular division rates (e.g. Lim et al., 2006).

In previous studies, there was no determined optimal salinity for toxin production in PST-
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producing dinoflagellates, and the effects of salinity on toxicity were species-dependent (e.g. White,
1978; Anderson et al., 1990a; Usup et al., 1994; Parkhill and Cembella, 1999; Lim and Ogata, 2005;
Wang and Hsieh, 2005; Laabir et al., 2013; Shi et al., 2022). In the present study, we found no clear
tendency for the toxin contents of C. punctatum in relation to different salinity levels. The toxin
content of C. punctatum was nearly two times lower at a salinity of 40 than at other salinities (Table
2), which may be related to leakage of toxins from lysing cells as growth rapidly declined in this
condition. Similarly, the lowest toxicity and growth rate in G. catenatum was also obtained at salinity
of 40 (Shi et al., 2022). Shi et al. (2022) speculated that to adapt to higher salinity (salinity of 40),
more nutrients and energy are used for osmoregulation, leading to a decrease in toxin production.
Grzebyk et al. (2003) and Hamasaki et al. (2001) also found that toxicities of A. minutum and A.
tamarense were low at higher salinity, and Hamasaki et al. (2001) concluded that the stress caused by
osmotic change can cause the suppression of toxin production or the leakage of toxin from cells. In
addition, Stefels (2000) reported that both lower and higher salinities may reduce the growth due to
enhanced energy loss by osmoregulation. In the ECS, the highest salinity was 34.1 (Sun et al., 2022),
indicating that C. punctatum did not experience the salinity of 40 in situ, and at salinity of 35 and 40
the growth rates of C. punctatum were low in the experiments. Presumably, under high salinity-

induced osmotic stress C. punctatum is likely to prioritize the growth, rather than toxin biosynthesis.

Previous studies documented that sufficient nitrogen (N) and depleted phosphorus (P) generally
increase toxin production of dinoflagellates such as Alexandrium species and G. catenatum (Anderson
et al., 1990b; Maclntyre et al., 1997; Murata et al., 2006; Touzet et al., 2007; Brandenburg et al., 2020;
Lee et al., 2012; Shi, 2022). It is not surprising that sufficient supply of N can be important for toxin
production, because PSTs have a high molecular content of N (Macintyre et al., 1997). However,
several studies reported that P limitation alone did not result in an increase of toxin production (e.g.
Cembella, 1998; John and Flynn, 2000; Lim et al., 2006). As in the present study the growth
responses of C. punctatum to different temperatures and salinities were conducted with culture
medium sufficiently enriched in N and P, the effects of different concentrations of N and P on toxin

production of C. punctatum could not be assessed. In future work, the effects of nutritional sources
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and its different concentrations on toxin production and profile of C. punctatum should be examined.
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Figure legends

Fig. 1. Hydrographic waters and their circulations in the East China Sea, modified by Hu and
Yang (2001) and Yuan et al., (2008). A red circle indicates the station that Centrodinium
piunctatum was isolated. CDW: Changjiang Diluted Water; ECSCC: East China Sea Coastal
Current; KCC: Korean Coastal Current; TWC: Tsushima Warm Current; TWSC: Taiwan

Wram Sea Current.

Fig. 2. Growth curves of Centrodinium punctatum cultivated at different temperatures (A)
and salinities (B). The error bars represent standard deviations. Note: the rapid decline of cell

numbers at 30°C and the slow decline of cell numbers at 5 and 10°C.

Fig. 3. Toxin profiles and proportions in Centrodinium punctatum cultivated at different
temperature and salinity levels. Note: the increase in STX-proportion with increasing

temperature.
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Tables

Table 1. Growth rates and maximum cell densities of Centrodinium punctatum cultivated at
different temperatures and salinities.

Growth rate (day™) Maximum cell density (cells mL™)
Temperature-5 - 30325
Temperature-10 - 318 £37
Temperature-15 0.06 £0.01 743 £ 67
Temperature-20 0.08 £0.01 1087 £ 66
Temperature-25 0.08 £0.01 698 £ 65
Temperature-30 - 304 + 36
Salinity-15 - 262 +19
Salinity-20 - 262 +44
Salinity-25 0.08x0 668 + 46
Salinity-27.5 0.08+0 1024 + 85
Salinity-30 0.07 £0.01 1245 + 68
Salinity-32.5 0.08+0 1271 £ 59
Salinity-35 0.07x0 1048 +£118

Salinity-40 0.07+0 1008 + 65
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Table 2. Mean toxin contents (fmol cell™') of Centrodinium punctatum cultivated at different

temperatures and salinities.

ST neosST GTX GTX GIX GIX dc-  dc-  doSTX* Tota

X X 1 2 3 4  STX GTX2 * I
Igmpe’at“re' 55 32 57 22 2 4 <0Q <Lob  tOD 504
Igmperat“’e' 107 37 71 13 11 48 <LOQ  <LOQ 1 288
;gmperat”re' 93 41 37 8 7 23 <LOQ  <LOQ 2 210
;gmperat“re' 18 30 27 16 12 16 <LOQ <LOQ 8 226
Salinity-25 74 2 30 10 17 34 <L0Q <LoD  <LOQ 101
salinity-27.5 116 38 51 12 14 43 <LOQ <LOQ 1 276
Salinity-30 69 29 3% 10 16 38  029% 008 1 200
Salinity-325 115 32 43 12 19 47 <LOQ <LOQ 2 270
Salinity-35 88 34 45 10 10 35 _<LO0Q <LOQ 4 227
Salinity-40 48 14 19 3 4 21 <LOQ  0.15%* 2 m

LOQ: limit of quantification; LOD: limit of detection
*detected in only one replicate (<LOQ for the other)
**detected in only one replicate (<LOD for the other)

***expressed in dc-STX equivalent

Highlights

1. Centrodinium punctatum prefers warm waters and an oceanic habitat for its growth.
2. Toxin contents of Centrodinium punctatum do not change significantly with temperature.

3. A salinity of 40 can decrease the toxin contents of Centrodinium punctatum.



Journal Pre-proof

Declaration of interests

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

OThe authors declare the following financial interests/personal relationships which may

be considered as potential competing interests:




