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Abstract: Harmful algal blooms (HABs) formed by toxic microalgae have seriously threatened marine
ecosystems and food safety and security in recent years. Among them, Karenia selliformis has attracted
the attention of scientists and society due to its acute and rapid neurotoxicity in mice. Herein, the
growth and gymnodimine A (GYM-A) production of K. selliformis were investigated in diverse culture
systems with different surface-to-volume (S/V) ratios and nitrogen/phosphorus concentrations. The
results showed that the specific growth rates (i), maximal cell yields, and GYM-A production levels of
K. selliformis increased with higher S/V, but no significant differences were observed under different
culture volumes with the same S/V, which indicated that light penetration and gas exchange in the
seawater culture systems actually influenced the growth and GYM-A production of K. selliformis. The
maximum cell density and photosynthetic efficiency of K. selliformis decreased under nitrogen (N) and
phosphorus (P) deficiency, suggesting that the growth of K. selliformis was significantly inhibited by the
deficiency in N or P. Both N and P limitation conditions, especially P deficiency, promoted the cellular
GYM-A quotas of K. selliformis. In this study, a scientific basis is provided for understanding the effects
of culture systems and nutrient concentrations on the growth and toxin production of K. selliformis.

Keywords: Karenia selliformis; gymnodimine A (GYM-A); culture systems; nutrients; toxin production

Key Contribution: In this study, it was found that the light penetration and gas exchange in the
culture systems with different ratios of surface area to volume influenced the growth and GYM-A
production of Karenia selliformis. Both N and P limitation conditions significantly suppressed growth
status but promoted intracellular toxin quotas of K. selliformis.

1. Introduction

Harmful algal blooms (HABs), as an important marine environmental issue, frequently
occur in marine ecosystems under global change conditions [1,2]. Diverse microalgal
toxins can accumulate in marine organisms and thus enter human food chains [3]. Such
toxins potentially cause poisoning events and also seriously threaten the health of marine
ecosystems [4,5]. For example, the dinoflagellate Karenia selliformis formed blooms in
various countries and regions around the world, causing large-scale fish mortality in some
cases [6].

Gymnodimine A (GYM-A) was initially extracted from oysters (Tiostrea chilensis)
collected from the South Island of New Zealand in 1994 and detected from the dinoflagellate
Gymnodinium cf. mikimotoi [7]. Gymnodimines (GYMs) are known as “fast-acting toxins”
due to their acute neurotoxicity to mice via intraperitoneal injection [8]. A variety of GYMs
have been detected in shellfish samples from many countries and regions worldwide,
including Europe [9,10], South Africa [11], North America [12], and China [13,14]. The
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dinoflagellate K. selliformis species, now included in the genus Karenia and which was
previously described as belonging to the genus Gymnodinium, was identified as a GYM-
producing microalga [15,16]. Subsequently, it was found in the coastal waters of New
Zealand, Mexico, Kuwait, and Chile [16-19]. Recently, a large-scale bloom formed by
K. selliformis and K. mikimotoi occurred in the waters of Southeastern Hokkaido, Japan [20].

The growth and toxin production of toxic microalgae are usually affected by a variety
of factors. Physical factors, such as irradiation, temperature, and salinity, are important
environmental factors affecting microalgal growth [21], while chemical factors such as
inorganic salts, metal ions, and organic acids may significantly influence the intracellular
toxin production of microalgae [22,23]. Studies on the effects of these physicochemical
factors on the growth and toxin production of microalgae not only help in the prediction
of blooms of harmful algae, but also improve the toxin yield from large-scale culture of
microalgae in the laboratory [24,25].

In previous studies, higher maximum cell density and toxin production levels were
observed when K. selliformis was cultured in smaller culture volumes [22,26,27]. However,
it is still unknown how to explain this phenomenon. Some studies have shown that
microalgae grow better in culture systems with larger ratios of surface to volume (S/V,
cm?/L) [28,29]. The S/V ratios might be related to the air exchange rate of the culture
system, which affects the CO; concentration and the pH of the culture system [30].

Nitrogen (N) and phosphorus (P) are inextricably linked to growth and toxin produc-
tion [31,32]. A 10-year field investigation of the dynamics of K. selliformis showed that the
elevation of nitrate could promote the growth of K. selliformis, while the increase in total
P would inhibit its growth of K. selliformis [33]. The current knowledge of the effects of N
and P concentrations in culture media on K. selliformis is still too limited to model toxin
production in laboratory conditions. Therefore, it is necessary to study the growth and
toxin production of K. selliformis under N and P limitation conditions.

With the aim of obtaining larger quantities of toxins for the preparation of reference
materials and toxicological studies, physical and chemical methods were adjusted and
optimized to enhance the growth and toxin production levels of toxic microalgae [34].
However, the underlying factors for GYM-A production in different culture configurations
are still unclear. Thus, the growth and GYM-A quotas of K. selliformis were investigated
in culture systems with different S/V ratios and N and P concentrations in this study.
The qualitative and quantitative analysis of GYM-A was carried out by the multiple
reaction monitoring (MRM) mode of liquid chromatography coupled with quadrupole
mass spectrometer (LC-MS/MS) [35].

2. Results
2.1. Effects of S/V on the Growth of K. selliformis

In the present study, the growth rates of K. selliformis increased with higher S/V values
(Figure 1A), indicating that the S/V values were positively correlated with the growth of
K. selliformis. For instance, the maximum cell yields of K. selliformis cultured in 150 mL culture
medium (S/V = 147) were 2.1 times higher than that in 4500 mL (S/V = 42). The maximal cell
yields and specific growth rates (i) were significantly different (p < 0.05) in these three groups
(Table 1), but no significant difference (p > 0.05) was observed in the growth of K. selliformis
under different culture volumes when controlling the same S/V (Figure 1B).

Table 1. The growth conditions of Karenia selliformis in treatments with different surface-to-volume ratios.

Medium Surface-To-Volume Maximum Cell Yield @1 Standard
Volume (mL) Ratio (cm? L1) (cells mL—1) H Deviation
150 147 48,260 2 0.182 0.003
1500 56 31,060 P 0.11b 0.001
4500 42 23,060 © 0.09 © 0.003

Note: different letters show the significant differences, p < 0.05.
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Figure 1. Growth curves of Karenia selliformis under different culture conditions. (A) Cultures in
Erlenmeyer flasks with different surface-to-volume ratios (S/V, cm?/L); (B) cultures in different
medium volumes with the same S/V ratios.
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2.2. Effects of S/V on the GYM-A Production of K. selliformis

GYM-A was mainly detected in the strain of K. selliformis used in this study. The S/V
ratios significantly affected not only the growth of K. selliformis but also GYM-A quotas. In
this study, the cellular GYM-A quotas (fg cell 1) of K. selliformis increased with the increase
in S/V values (Figure 2A). The GYM-A contents of K. selliformis in the 150 mL culture
medium (S/V = 147) were significantly higher than that in the other two experimental
groups (p < 0.05), in which the group of S/V = 147 yielded 2.1 times higher GYM-A cell
contents than the group of S/V 42 at 20 days of incubation. In addition, the same trend
was observed for the GYM-A concentration per culture volume (ng mL~1) (Figure 2B).
Interestingly, when controlling the same S/V value, there was no significant difference in
the cellular GYM-A contents of K. selliformis between different culture volumes (p > 0.05)
(Figure 2C,D).
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Figure 2. GYM-A quotas of Karenia selliformis under different culture conditions. (A) GYM-A yield
(ng mL~1) and (B) GYM-A quota per cell (fg cell 1) of K. selliformis cultured in Erlenmeyer flasks
with different surface-to-volume ratios (S/V, cm?/L); (C) GYM-A yield (ng mL~1) and (D) GYM-A
quota per cell (fg cell™!) of K. selliformis cultured in different medium volumes with same S/V ratios.
Treatments with different letters (a—c) are statistically significantly different (p < 0.05).

2.3. Effects of Nitrogen and Phosphorus on the Growth and Photosynthetic Parameters of K. selliformis

Nitrogen (N) and phosphorus (P) are essential nutrients for the growth of phytoplank-
ton; the lack and excess of either can affect the growth rate. In this study, the growth of
K. selliformis was inhibited under N and P limitation (Figures 3A and 4A). For example, the
maximum cell density of the P-free group (0 P) reduced by 2.1-fold compared with that
of the f/2 group (1 P) (Figure 4A). However, there was no significant difference (p > 0.05)
between the growth condition of the N-rich group (3 N)/P-rich group (3 N) and that of the
f/2 group (1 N/1 P), suggesting that excessive nitrogen and phosphorus content would
not further promote the growth of K. selliformis (Figure 3A).
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Figure 3. Effects of nitrogen concentration on the growth and photosynthetic parameters of Karenia
selliformis. (A) growth curves; (B) Fy /Fr; (C) alpha; (D) ETRmax; (E) Iy; (F) chl a content per cell.

Photosynthetic parameters are closely related to the growth of phytoplankton. The
results showed that Fy /F,, Alpha, and ETRpax in the N-free group (0 N) and the N-deficient
group (0.1 N) were significantly smaller than those in the £/2 group (1 N) (Figure 3B-D),
a trend that coincided with the growth condition. However, no significant changes were
found in Iy and the quota of chlorophyll content (Figure 3E,F). The values of F, /Fy,, Alpha,
and ETRpax of K. selliformis also significantly decreased in P-deficient conditions (0 P and
0.1 P) (Figure 4B-D). Unlike in N-deficient conditions, the Iy showed a sharp reduction at
the late growth stage in the P-free group.

The F, /Fpy-ratio is an important index characterizing the photosynthetic capacity
of the phytoplankton photosystem II (PSII), which is the maximum photosynthetic yield
of microalgae in darkness, and Alpha represents the light energy utilization efficiency
of phytoplankton, The trends of both parameters were similar, which showed that the
photosynthetic efficiency of K. selliformis decreased progressively with growth, while the
low nitrogen content accelerated this response.
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Figure 4. Effects of phosphorus concentration on the growth and photosynthetic parameters of Karenia
selliformis. (A) growth curves; (B) Fy /Fn; (C) alpha; (D) ETRmay; (E) Iy; (F) Chl a content per cell.

2.4. Effects of Nitrogen and Phosphorus on the GYM-A Production of K. selliformis

In this study, it was found that both N and P limitation increased the GYM-A quota
per cell of K. selliformis, with a larger increase being observed under P limitation. GYM-A
quotas per cell under N limitation (0 N, 0.1 N) were significantly higher than that of the
/2 group (1 N) from day 18 (Figure 5A), whereas a significant increase appeared on day
12 under P limitation. Notably, the GYM-A quota in the P-free (0 P) group increased
by 4.9-fold compared to that of the /2 group (1 N) on day 30 (Figure 5C), indicating
that the GYM-A synthesis of K. selliformis was strongly stimulated under P limitation.
Additionally, the GYM-A yield (ng mL~!) did not significantly differ among the different
nitrogen concentration groups (p > 0.05) (Figure 5B), while it was significantly enhanced
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by P limitation (0 P, 0.1 P, p < 0.05) (Figure 5D), indicating that the efficiency of GYM-A
production by K. selliformis could be improved by P limitation.
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Figure 5. Effects of nitrogen and phosphorus concentrations on the GYM-A production of Karenia
selliformis. (A) GYM-A yield (ng mL~1) and (B) GYM-A quota per cell (fg cell™!) of K. selliformis
under different nitrogen concentrations; (C) GYM-A yield (ng mL~1) and (D) GYM-A quota per
cell (fg cell 1) of K. selliformis under different phosphorus concentrations. Treatments with different
letters (a—c) are statistically significantly different (p < 0.05).

3. Discussion

It has previously been shown that the S/V ratios of culture systems can influence
phytoplankton growth [28]. The size and shape of culture vessels in laboratory can di-
rectly affect the growth of microalgae by altering light transmission and gas exchange
at the interface of culture systems [36,37]. In the present study, the growth and GYM-A
production levels of K. selliformis were significantly affected by the culture system volume
when using different sizes of Erlenmeyer flasks with the same shapes in laboratory batch
culture. The results showed that the growth rates and cellular GYM-A quota of K. selliformis
increased when the seawater culture S/V increased. Beuzenberg et al., who cultured the
K. selliformis using culture vessels of varying shapes, also found that the growth rates and
toxin production levels of K. selliformis increased in smaller culture vessels [26]. The under-
lying reasons for these phenomena remain unclear. However, it has been demonstrated
that the surface-to-volume (S/V) ratio of the culture system can influence the growth of
microalgae [29].

The S/V of the culture system reflects the contact area per unit volume between the
culture medium and the atmosphere, which can significantly influence the gas exchange
between the culture system and the external environment [38]. Maximum biomass, volu-
metric, and area productivities of microalgae have been shown to increase with higher S/V
culture systems [29]. Although different volumes of Erlenmeyer flasks have similar shapes,
their S/V values are quite different. By comparing the S/V ratio of different culture systems
in the current study, it was found that a higher S/V correlated with increased growth and
GYM-A levels per cell. However, when the S/V values were maintained at a constant,
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variations in the volume of the culture systems did not result in significant changes in the
growth and GYM-A production of the microalgae, indicating that the volume of the culture
systems was not the direct cause of the changes in the growth and GYM-A production
of the toxicogenic microalgae, and the microalgae did not have the ability to sense the
variations in the culture system volumes.

The culture system with a larger S/V has more rapid gas exchange between the culture
and the atmosphere [39]. In this study, the culture systems with the same S/V had a similar
gas exchange despite the difference in culture volumes. Therefore, it can ensure that the
culture systems had similar rates of CO; uptake and release from the atmosphere, and
were maintained in the same state of carbonate equilibrium. In addition, the irradiation
was identical for all treatment groups with same S/V. The results of this study showed
that the culture volume did not directly affect the growth and cellular GYM-A quotas of
K. selliformis. However, we speculate that the different S/V ratios of Erlenmeyer flasks lead
to differences in gas exchange, changing the growth and GYM-A production of K. selliformis.

The growth factors of microalgae were divided into resource factors and supportive
factors (non-resources factors). The resource factors, such as nutrient elements, CO,,
and sunlight, are directly utilized by microalgal cells, while the temperature and pH are
supportive factors affecting microalgal metabolism [40]. Nitrogen (N) and phosphorus (P),
as the essential nutrient elements, play an important role in the growth of microalgae. Feki
et al. conducted a ten-year study of the Gulf of Gabes, and found that nitrate and total P
levels significantly impacted the growth of K. selliformis. In the study, it was revealed that
the elevated nitrate levels could promote the growth of K. selliformis, leading to increased
production of GYM-A. Conversely, an increase in total P was found to inhibit the growth of
K. selliformis in a long-term field survey [33]. However, no studies have been conducted
under laboratory conditions to examine the effects of N and P on the growth and GYM-A
production of K. selliformis.

Nitrogen is involved in the synthesis of different essential cellular components, such
as proteins and chlorophyll, while P is a major component of membrane lipids, adenosine
triphosphates (ATPs), and DNA [41,42]. Therefore, deficiencies and excesses of both
nutrients can affect the physiological and metabolic processes in microalgae. In the current
study, both the N and P limitation of K. selliformis reduced the maximum cell density and the
photosynthetic efficiency, accompanied by an increase in cellular GYM-A quotas. The same
trends were observed under N limitation in K. brevis [43]. In addition, the photosynthetic
efficiency and chlorophyll metabolism of Prorocentrum lima were decreased following N
deficiency [44]. Similarly, P deficiency led to suppressed growth and stimulated toxin
production in the dinoflagellate of Prorocentrum spp. [45].

Nitrogen and phosphorus are crucial nutrients for carbon assimilation during pho-
tosynthesis [46]. Consequently, their deficiency inevitably impacts the photosynthetic
parameters of microalgae. The limitation of both N and P can lead to a reduction in several
photosynthetic parameters. For example, the F, /Fy, of several typical marine microalgae
significantly decreased under N and P limitation [47]. A similar trend was observed for
K. selliformis in this study, suggesting that the photosynthetic efficiency of K. selliformis was
significantly inhibited under conditions of N or P deficiency. These results provided strong
evidence for the growth inhibition of K. selliformis under N or P deficiency. Interestingly, the
chlorophyll a content significantly increased in the later growth stages of K. selliformis under
P deficiency. A similar trend was observed in another dinoflagellate, e.g., Amphidinium
carterae, where the cell cycle arrested in the G1 phase may be responsible for the excess
accumulation of chlorophyll a [48].

Nitrogen and phosphorus limitations also remarkedly affected the toxin contents of
cells. In this study, both N and P limitation could lead to a significant increase in the
cellular GYM-A quotas of K. selliformis, which was consistent with observations on K. brevis
in a previous study [43]. According to the carbon/nutrient balance hypothesis (CNBH),
when the growth rate reduces under nutrient limitations (e.g., N and P), microalgae di-
vert a greater portion of their fixed carbon from growth to defense, often in the form of
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increased production levels of allelopathic compounds (e.g., toxins) [49,50]. The results
of the current study suggested that K. selliformis exhibited these same physiological pat-
terns under N limitation in accordance with the CNBH. Additionally, the GYM-A yield
of K. selliformis significantly increased under P deficiency, suggested that the efficiency
of GYM-A acquisition can be improved by P limitation. Following this reasoning, N or
P limitation in the marine environment may also enhance the ability of K. selliformis to
produce GYMs, which may pose a more serious threat to marine ecosystems and human
food safety and security. Marine regulators should pay more attention to N and P levels
and ratios in marine environments to prevent or mitigate the negative impacts caused by
toxicogenic microalgae.

4. Conclusions

In conclusion, in this study, the effects were investigated of culture systems and
nutrient elements on the growth and toxin production of K. selliformis. Our findings
demonstrated that the volume of the culture medium significantly affected the growth
and GYM-A production of K. selliformis. However, the growth and GYM-A production
of K. selliformis were not directly influenced by the volume of the medium, but rather by
the varying S/V-ratios. Variations in the S/V of the culture systems likely affected the
light penetration in seawater and the gas exchange at the interface of the culture system,
leading to changes in photosynthesis and carbonate equilibrium, which in turn impacted
the growth and cellular GYM-A contents of K. selliformis. Furthermore, we found that
the growth and photosynthetic parameters of K. selliformis were inhibited under N and
P limitation, while cellular GYM-A quotas were significantly enhanced. This suggested
that N and P availability regulated growth by affecting photosynthetic efficiency, and that
K. selliformis responded in particular to P limitation by increasing GYM-A production.
These findings provided valuable insights into the formation of harmful algal blooms, with
important implications for bloom prediction and marine ecosystem protection.

5. Materials and Methods
5.1. Chemicals

Acetonitrile and methanol with liquid chromatography (LC)-grade were obtained from
Merck KGaA (Darmstadt, Germany). Ammonium hydroxide (NH4OH) was acquired from
Fisher Scientific (Fair Lawn, NJ, USA), and dichloromethane was sourced from Macklin
Ltd. (Shanghai, China). Certified reference material (CRM) of GYM-A was obtained from
the National Research Council (Halifax, NS, Canada). Deionized water, with a resistivity of
18.2 MQ) cm or higher, was produced using a Milli-Q water purification system (Millipore
Ltd., SAS, Molsheim, France).

5.2. Culture of Karenia selliformis

The monoclonal strain of Karenia selliformis (GM94GAB) isolated from the Gulf of
Gabes, Tunisia [28] was provided by the PHYTOX Research Unit of Ifremer in Nantes.
Referring to our previous study [36], the microalgae were cultivated in sterile natural
seawater (121 °C for 20 min) filtered by a 0.45 pm mixed fiber filter (Xingya, Shanghai,
China) and enriched with silicate-free f/2 medium. NaNOjz and NaH,PO4-H,O were
added to the seawater medium as nitrogen and phosphorus nutrients. Cultures were
maintained in an incubator at 18 °C with a constant top-light intensity of 6000 lux and a
12 h light: 12 h dark cycle. GYM-A dominated the toxin profile of K. selliformis and no other
known toxins such as brevetoxin.

5.3. Record of Cell Density

A subsample of 1 mL from each culture was collected and fixed by Lugol’s iodine solu-
tion to determine cell density. Cell density was counted by light microscopy (Optika B-180;
Italy) with a 0.1 mL phytoplankton counting chamber (DSJ-01; Xiamen Dengxun Equip-
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ment Co., Ltd.). Growth curves were drawn by the average cell counts from three replicates.
Growth rates (u) of K. selliformis were calculated according to the following formula:

p# = (InNt-InNp)/ (t-to)
where N and Nj are the cell densities at the time of t and t (d), respectively.

5.4. Experimental Design
5.4.1. Comparison for Different Medium Volumes

Microalgae were cultured in conical flasks without agitation or air introduction in same
shape with different surface-to-volume ratios (S5/V, cm?/ L), such as 250 mL conical flask
with 150 mL media, 2000 mL conical flask with 1500 mL media, and 5000 mL conical flask
with 4500 mL media. The surface areas and S/V ratios of different conical flasks are listed
in Table 2. Cultures were incubated in the same incubator under identical conditions. Cell
densities were recorded by light microscopy (Optika B-180; Italy) every two days. Cellular
GYM-A quotas were monitored using 10 mL of culture collected on days 10 and 20.

Table 2. The surface area and surface-to-volume ratios of different medium volumes.

Groups Conical Flask Medium Surface Area Surface-To-Volume
p Volume (mL) Volume (mL) (cm?) Ratio (cm?/L)
1 250 150 22.1 147
2 2000 1500 84.6 56
3 5000 4500 186.8 42

Microalgae were also cultured in beakers with different volumes but the same S/V
ratio. Since the shape of beakers is cylindrical, the same S/V can be obtained by maintaining
a consistent liquid depth, such as a 150 mL beaker with 120 mL media, a 1000 mL beaker
with 465 mL media, and a 2000 mL beaker with 700 mL media. The sides of the beakers
were wrapped with aluminum foil to prevent side light, and sealed with transparent plastic
wrap and perforated for ventilation. Beakers were randomly positioned in a top-light
incubator to ensure exposure to equal light.

5.4.2. Comparison for Different Nitrogen and Phosphorus Concentrations

Media containing different concentrations of nitrogen (N) and phosphorus (P) were
obtained by adding different amounts of N and P to sterile natural seawater. The N and P
concentrations of different treatments are listed in Table 3. The K. selliformis was cultivated
in 500-mL conical flasks with 300 mL media, with an initial cell density of approximately
2000 cells L. Culture conditions were consistent with the experiments described above.
Cell densities were recorded every two days, toxins were extracted every six days, and
photosynthetic parameters were assessed every four days.

Table 3. The nitrogen and phosphorus concentrations in different treatments.

Treatments N Contents (umol L—1) P Contents (umol L—1)
0-N 0 36
0.1-N 88.2 36
1-N (f/2) 882 36
3-N 2647 36
0-P 882 0
0.1-P 882 3.6
1-P (£/2) 882 36

3-P 882 109
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5.5. Measurement of Photosynthetic Parameters

Photosynthetic parameters of different N and P concentrations were analyzed using
a phyto-pulse-amplitude-modulation (Phyto-PAM) chlorophyll fluorometer (Waltz, Ger-
many) every four days. At each time point, 2 mL of culture was transferred to a quartz
cup and dark-adapted for 10 min, then the initial fluorescence (Fp) and the maximum
fluorescence (Fr,) were measured. The maximum quantum yield of photosystem II (PSII)
was reflected by the ratio of Fy /Fn, which was calculated as (Fm-Fp)/Fm. The rapid light
curves (RLC) were acquired with a total step number of 13, each lasting 20 s. Then, the
photosynthetic parameters, including the initial slope of the curve («, representing light uti-
lization efficiency), maximum relative electron transport rate (ETRmax), half-saturated light
irradiance (Ix), and chlorophyll a content, were acquired by the Phytowin V2.1.3 software.

5.6. Extraction of Toxins

To measure the contents of intracellular and extracellular toxins, 10 mL of culture were
collected to extract GYM-A, according to our previous study with minor modification [51].
Briefly, cultures were centrifuged at 3000x g for 10 min at 4 °C, then the supernatant
and pellet were used to extract extracellular and intracellular toxins, respectively. For
extracellular toxin extraction, 1 mL of dichloromethane was added the culture medium
(10 mL). The samples were vortexed for 2 min and centrifuged at 5000x g for 5 min
at 4 °C. The organic phase at the lower layer was collected and evaporated under a
gentle stream of nitrogen. The residual material was reconstituted with 5 mL of methanol.
Aliquots of samples (1 mL) were filtered (0.22 um) and placed in a 1.5 mL glass vial for
LC-MS/MS analysis. For intracellular toxin extraction, 2 mL of methanol were added
to the pellet and then sonicated by a sonication probe with frequency at 20 kHz and
amplitude at 55% (KS-750F; Kesheng Ultrasonic Equipment Ltd., Ningbo City, China) in
an ice water bath for 5 min, and centrifuged at 5000 x g for 5 min at 4 °C. The supernatant
was transferred to a 5 mL volumetric flask. The extraction was repeated twice with an
additional 2 mL of methanol. All the extracts were mixed and diluted with methanol to
volume. Aliquots (1 mL) of samples were filtered (0.22 um) and placed in a 1.5 mL glass
vial for LC-MS/MS analysis.

5.7. LC-MS/MS Analysis Method

The contents of GYM-A in all samples were measured by an Ultimate 3000 HPLC
system (Thermo Fisher Scientific, Bremen, Germany) coupled with an AB-Sciex Qtrap 4500
mass spectrometer (AB Sciex Pte. Ltd., Singapore) using an ESI interface. An X-Bridge™
C18 column (150 x 3 mm, 5 um, Waters, Milford, MA, USA) was employed to separate
toxins at 35 °C. The mobile phase was composed of solvent A (deionized water) and
solvent B (90% acetonitrile), both containing 6.7 mmol L-! NH,OH. A gradient elution
was run at a flow rate of 300 uL min ! from 50% to 100% B over 8 min, followed by a 1 min
hold before return to 50% B with a 1 min re-equilibration period for each subsequent run.
Injection volume was set at 5 uL, and multiple reaction monitoring (MRM) in positive mode
was employed for the identification and quantification of GYM-A using three transitions
(m/z 508.3 —> 490.3/392.2/162.1). The retention time of GYM-A was 7.57 min under the
separation conditions.

5.8. Statistical Analysis

Statistical analyses were conducted with SPSS version 25.0 (IBM corporation, Armonk,
NY, USA), where a one-way analysis of variance (ANOVA) with the least significant
difference (LSD) post hoc test was employed to evaluate the significance of differences
among the groups, with a predetermined significance level of p < 0.05. The software package
of Origin 2022 (Origin Lab, Hampton, MA, USA) was utilized for data visualization.



Toxins 2024, 16, 518 12 of 14

Author Contributions: Conceptualization, X.W. and A.L.; methodology, XW., GW., ].Q., A.LL.
and PH.; formal analysis, X.W. and G.W.; data curation, X.W. and G.W.; writing—original draft
preparation, X.W. and G.W.; writing—review and editing, J.Q., A.L., and P.H.; supervision, A.L.;
project administration, J.Q. and A.L.; funding acquisition, A.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was funded by the National Key R&D Program of China (Grant No. 2019YFC0312602)
and the National Natural Science Foundation of China (Grant No. 41876112), and the Special Founda-
tion for Taishan Scholar of Shandong Province (tstp20231216).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.

References

1. Chen, C; Liang, J.; Yang, G.; Sun, W. Spatio-temporal distribution of harmful algal blooms and their correlations with marine
hydrological elements in offshore areas, China. Ocean Coast. Manag. 2023, 238, 106554. [CrossRef]

2. Hou, W,; Chen, X.; Ba, M.; Yu, J.; Chen, T.; Zhu, Y.; Bai, J. Characteristics of harmful algal species in the coastal waters of China
from 1990 to 2017. Toxins 2022, 14, 160. [CrossRef] [PubMed]

3.  Farabegoli, F; Blanco, L.; Rodriguez, L.P,; Vieites, ].M.; Cabado, A.G. Phycotoxins in marine shellfish: Origin, occurrence and
effects on humans. Mar. Drugs 2018, 16, 188. [CrossRef] [PubMed]

4. Morabito, S.; Silvestro, S.; Faggio, C. How the marine biotoxins affect human health. Nat. Prod. Res. 2017, 32, 621-631. [CrossRef]

5. Vilarifio, N.; Louzao, M.C.; Abal, P; Cagide, E.; Carrera, C.; Vieytes, M.R.; Botana, L.M. Human poisoning from marine toxins:
Unknowns for optimal consumer protection. Toxins 2018, 10, 324. [CrossRef] [PubMed]

6.  Vellojin, ].P.; Mardones, J.I.; Vargas, V.; Leal, P.P; Corredor-Acosta, A.; Iriarte, ].L. Potential effects of climate change on the
growth response of the toxic dinoflagellate Karenia selliformis from Patagonian waters of Chile. Prog. Oceanogr. 2023, 211, 102956.
[CrossRef]

7. Seki, T.; Satake, M.; Mackenzie, L.; Kaspar, H.F,; Yasumoto, T. Gymnodimine, a new marine toxin of unprecedented structure
isolated from New Zealand oysters and the dinoflagellate, Gymnodinium sp. Tetrahedron Lett. 1995, 36, 7093-7096. [CrossRef]

8. Munday, R; Towers, N.R.; Mackenzie, L.; Beuzenberg, V.; Holland, P.T.; Miles, C.O. Acute toxicity of gymnodimine to mice.
Toxicon 2004, 44, 173-178. [CrossRef]

9. Lamas, J.P,; Arevalo, E; Morofio, A.; Correa, ].; Rossignoli, A.E.; Blanco, ]. Gymnodimine A in mollusks from the north Atlantic
Coast of Spain: Prevalence, concentration, and relationship with spirolides. Environ. Pollut. 2021, 279, 116919. [CrossRef]

10. Rossignoli, A.E.; Marifio, C.; Martin, H.; Blanco, ]. First report of two gymnodimines and two tetrodotoxin analogues in
invertebrates from the north Atlantic coast of Spain. Mar. Drugs 2023, 21, 232. [CrossRef]

11.  Krock, B.; Pitcher, G.C.; Ntuli, J.; Cembella, A.D. Confirmed identification of gymnodimine in oysters from the west coast of
South Africa by liquid chromatography-tandem mass spectrometry. Afr. J. Mar. Sci. 2009, 31, 113-118. [CrossRef]

12. Leyva-Valencia, I.; Hernandez-Castro, J.E.; Band-Schmidt, C.J.; Turner, A.D.; O'Neill, A.; Nufiez-Vazquez, E.J.; Lopez-Cortés, D.J.;
Bustillos-Guzman, ].J.; Hernandez-Sandoval, FE. Lipophilic toxins in wild bivalves from the southern gulf of California, Mexico.
Mar. Drugs 2021, 19, 99. [CrossRef] [PubMed]

13. Ji, Y; Yan, G.; Wang, G.; Liu, J.; Tang, Z.; Yan, Y.; Qiu, J.; Zhang, L.; Pan, W.; Fu, Y;; et al. Prevalence and distribution of domoic
acid and cyclic imines in bivalve mollusks from Beibu Gulf, China. J. Hazard. Mater. 2022, 423, 127078. [CrossRef] [PubMed]

14. Wang, J.; Li, R.; Liu, B.; Zhang, Q.; Wang, X.; Zhu, Y.; Zhang, Y. Occurrence and distribution of lipophilic marine algal toxins in
the coastal seawater of Southeast China and the South China Sea. Mar. Pollut. Bull. 2023, 187, 114584. [CrossRef] [PubMed]

15.  Miles, C.O.; Wilkins, A.L,; Stirling, D.J.; MacKenzie, L. New analogue of gymnodimine from a Gymnodinium species. Agric. Food
Chem. 2000, 48, 1373-1376. [CrossRef]

16. Haywood, A J.; Steidinger, K.A.; Truby, E.W.; Bergquist, P.R.; Bergquist, P.L.; Adamson, J.; MacKenzie, L. Comparative morphology
and molecular phylogenetic analysis of three new species of the genus Karenia (Dinophyceae) from New Zealand. J. Phycol. 2004,
40,165-179. [CrossRef]

17.  Guillou, L.; Nezan, E.; Cueff, V.; Erard-Le Denn, E.; Cambon-Bonavita, M.A.; Gentien, P.; Barbier, G. Genetic diversity and
molecular detection of three toxic dinoflagellate genera (Alexandrium, Dinophysis, and Karenia) from French coasts. Protist 2002,
153, 223-238. [CrossRef]

18. Haywood, A.].; Scholin, C.A.; Marin, R.; Steidinger, K.A.; Heil, C.; Ray, J. Molecular detection of the brevetoxin-producing
dinoflagellate Karenia brevis and closely related species using rRNA-targeted probes and a semiautomated sandwich hybridization
assay. J. Phycol. 2007, 43, 1271-1286. [CrossRef]


https://doi.org/10.1016/j.ocecoaman.2023.106554
https://doi.org/10.3390/toxins14030160
https://www.ncbi.nlm.nih.gov/pubmed/35324656
https://doi.org/10.3390/md16060188
https://www.ncbi.nlm.nih.gov/pubmed/29844286
https://doi.org/10.1080/14786419.2017.1329734
https://doi.org/10.3390/toxins10080324
https://www.ncbi.nlm.nih.gov/pubmed/30096904
https://doi.org/10.1016/j.pocean.2022.102956
https://doi.org/10.1016/0040-4039(95)01434-J
https://doi.org/10.1016/j.toxicon.2004.05.017
https://doi.org/10.1016/j.envpol.2021.116919
https://doi.org/10.3390/md21040232
https://doi.org/10.2989/AJMS.2009.31.1.12.783
https://doi.org/10.3390/md19020099
https://www.ncbi.nlm.nih.gov/pubmed/33572171
https://doi.org/10.1016/j.jhazmat.2021.127078
https://www.ncbi.nlm.nih.gov/pubmed/34523496
https://doi.org/10.1016/j.marpolbul.2023.114584
https://www.ncbi.nlm.nih.gov/pubmed/36642003
https://doi.org/10.1021/jf991031k
https://doi.org/10.1111/j.0022-3646.2004.02-149.x
https://doi.org/10.1078/1434-4610-00100
https://doi.org/10.1111/j.1529-8817.2007.00407.x

Toxins 2024, 16, 518 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Heil, C.A; Glibert, PM.; Al-Sarawi, M. A ; Faraj, M.; Behbehani, M.; Husain, M. First record of a fish-killing Gymnodinium sp.
bloom in Kuwait Bay, Arabian Sea: Chronology and potential causes. Mar. Ecol. Prog. Ser. 2001, 214, 15-23. [CrossRef]

Kuroda, H.; Taniuchi, Y.; Watanabe, T.; Azumaya, T.; Hasegawa, N. Distribution of harmful algae (Karenia spp.) in October 2021
off southeast Hokkaido, Japan. Front. Mar. Sci. 2022, 9, 841364. [CrossRef]

Shi, J.; Liu, Y.; Gu, H.; Li, C. Variation in the growth and toxin production of Gymnodinium catenatum under different laboratory
conditions. Mar. Biol. 2022, 169, 130. [CrossRef]

Mountfort, D.; Beuzenberg, V.; MacKenzie, L.; Rhodes, L. Enhancement of growth and gymnodimine production by the marine
dinoflagellate, Karenia selliformis. Harmful Algae 2006, 5, 658—664. [CrossRef]

Rhodes, L.; Selwood, A.; McNabb, P.; Briggs, L.; Adamson, J.; van Ginkel, R.; Laczka, O. Trace metal effects on the production of
biotoxins by microalgae. Afr. . Mar. Sci. 2006, 28, 393-397. [CrossRef]

Aguilera-Belmonte, A.; Inostroza, I.; Carrillo, K.S.; Franco, ].M.; Riobd, P.; Gémez, PI. The combined effect of salinity and
temperature on the growth and toxin content of four Chilean strains of Alexandrium catenella (Whedon and Kofoid) Balech 1985
(Dinophyceae) isolated from an outbreak occurring in southern Chile in 2009. Harmful Algae 2013, 23, 55-59. [CrossRef]

Meng, R; Du, X,; Ge, K,; Wu, C.; Zhang, Z.; Liang, X.; Yang, J.; Zhang, H. Does climate change increase the risk of marine toxins?
Insights from changing seawater conditions. Archi. Toxicol. 2024, 98, 2743-2762. [CrossRef]

Beuzenberg, V.; Mountfort, D.; Holland, P; Shi, F.; MacKenzie, L. Optimization of growth and production of toxins by three
dinoflagellates in photobioreactor cultures. J. Appl. Phycol. 2012, 24, 1023-1033. [CrossRef]

Medhioub, A.; Medhioub, W.; Amzil, Z.; Sibat, M.; Bardouil, M.; Ben Neila, I.; Mezghani, S.; Hamza, A.; Lassus, P. Influence of
environmental parameters on Karenia selliformis toxin content in culture. Cah. Biol. Mar. 2009, 50, 333-342.

Nayana, K.; Vidya, D.; Soorya, K.; Dineshan, A.; Menon, A.S.; Mambad, R.; Arunkumar, K. Effect of volume and surface area on
growth and productivity of microalgae in culture system. BioEnerg. Res. 2023, 16, 1013-1025. [CrossRef]

Venancio, H.C.; Cella, H.; Lopes, R.G.; Derner, R.B. Surface-to-volume ratio influence on the growth of Scenedesmus obliquus in a
thin-layer cascade system. J. Appl. Phycol. 2020, 32, 821-829. [CrossRef]

Tamburic, B.; Evenhuis, C.R.; Suggett, D.J.; Larkum, A.W.D.; Raven, J.A ; Ralph, PJ. Gas transfer controls carbon limitation during
biomass production by marine microalgae. ChemSusChem 2015, 8, 2727-2736. [CrossRef]

Corcoran, A.A.; Richardson, B.; Flewelling, L.J. Effects of nutrient-limiting supply ratios on toxin content of Karenia brevis grown
in continuous culture. Harmful Algae 2014, 39, 334-341. [CrossRef]

Van de Waal, D.B.; Smith, V.H.; Declerck, S.A J.; Stam, E.C.M.; Elser, ].J. Stoichiometric regulation of phytoplankton toxins. Ecol.
Lett. 2014, 17, 736-742. [CrossRef] [PubMed]

Feki, W.; Hamza, A.; Frossard, V.; Abdennadher, M.; Hannachi, I.; Jacquot, M.; Belhassen, M.; Aleya, L. What are the potential
drivers of blooms of the toxic dinoflagellate Karenia selliformis? A 10-year study in the Gulf of Gabes, Tunisia, southwestern
Mediterranean Sea. Harmful Algae 2013, 23, 8-18. [CrossRef]

Hashimoto, K.; Uchida, H.; Nishimura, T.; Oikawa, H.; Funaki, H.; Honma, C.; Yamaguchi, H.; Suzuki, T.; Adachi, M. Determina-
tion of optimal culture conditions for toxin production by a Prorocentrum lima complex strain with high diarrhetic shellfish toxins
yield. Harmful Algae 2021, 103, 102025. [CrossRef] [PubMed]

Wang, G.; Qiu, J.; Li, A; Ji, Y;; Tang, Z.; Hess, P. Stability and chemical conversion of the purified reference material of
gymnodimine-A under different temperature and pH conditions. Toxins 2022, 14, 744. [CrossRef] [PubMed]

Evans, S.; Langdon, C.J.; Rorrer, G.L. Aeration rate and power requirements for CO;-replete cultivation of the red seaweed
Devaleraea mollis (Pacific dulse) in a tumble tank. Aquaculture 2024, 584, 740638. [CrossRef]

Naderi, G.; Znad, H.; Tade, M.O. Investigating and modelling of light intensity distribution inside algal photobioreactor. Chem.
Engin. Process. 2017, 122, 530-537. [CrossRef]

Yamamoto, Y.; Nakahara, H. Competitive dominance of the cyanobacterium Microcystis aeruginosa in nutrient-rich culture
conditions with special reference to dissolved inorganic carbon uptake. Phycol. Res. 2005, 53, 201-208. [CrossRef]

Doucha, J.; Livansky, K. Productivity, CO, /O, exchange and hydraulics in outdoor open high density microalgal (Chlorella sp.)
photobioreactors operated in a Middle and Southern European climate. J. Appl. Phycol. 2006, 18, 811-826. [CrossRef]

Rinanti, A.; Kardena, E.; Astuti, D.I.; Dewi, K. Growth response and chlorophyll content of Scenedesmus obliquus cultivated in
different artificial media. Asian J. Environ. Biol. 2013, 1, 1-9.

Diaz, ].M.; Steffen, R.; Sanders, ]J.G.; Tang, Y.; Duhamel, S. Preferential utilization of inorganic polyphosphate over other
bioavailable phosphorus sources by the model diatoms Thalassiosira spp. Environ. Microbiol. 2019, 21, 2415-2425. [CrossRef]
[PubMed]

Hockin, N.L.; Mock, T.; Mulholland, E; Kopriva, S.; Malin, G. The response of diatom central carbon metabolism to nitrogen
starvation is different from that of green algae and higher plants. Plant Physiol. 2012, 158, 299-312. [CrossRef] [PubMed]
Hardison, D.R.; Sunda, W.G,; Litaker, R.W.; Shea, D.; Tester, P.A. Nitrogen limitation increases brevetoxins in Karenia brevis
(Dinophyceae): Implications for bloom toxicity. J. Phycol. 2012, 48, 844-858. [CrossRef] [PubMed]

Hou, D.; Mao, X.; Gu, S.; Li, H;; Liu, J.; Yang, W. Systems-level analysis of metabolic mechanism following nitrogen limitation in
benthic dinoflagellate Prorocentrum lima. Algal Res. 2018, 33, 389-398. [CrossRef]

Camacho-Muinoz, D.; Praptiwi, R.A.; Lawton, L.A.; Edwards, C. High value phycotoxins from the dinoflagellate Prorocentrum.
Front. Mar. Sci. 2021, 8, 638739. [CrossRef]


https://doi.org/10.3354/meps214015
https://doi.org/10.3389/fmars.2022.841364
https://doi.org/10.1007/s00227-022-04115-x
https://doi.org/10.1016/j.hal.2006.02.001
https://doi.org/10.2989/18142320609504185
https://doi.org/10.1016/j.hal.2012.12.006
https://doi.org/10.1007/s00204-024-03784-5
https://doi.org/10.1007/s10811-011-9726-8
https://doi.org/10.1007/s12155-022-10498-y
https://doi.org/10.1007/s10811-020-02036-0
https://doi.org/10.1002/cssc.201500332
https://doi.org/10.1016/j.hal.2014.08.009
https://doi.org/10.1111/ele.12280
https://www.ncbi.nlm.nih.gov/pubmed/24712512
https://doi.org/10.1016/j.hal.2012.12.001
https://doi.org/10.1016/j.hal.2021.102025
https://www.ncbi.nlm.nih.gov/pubmed/33980453
https://doi.org/10.3390/toxins14110744
https://www.ncbi.nlm.nih.gov/pubmed/36355994
https://doi.org/10.1016/j.aquaculture.2024.740638
https://doi.org/10.1016/j.cep.2017.04.014
https://doi.org/10.1111/j.1440-1835.2005.tb00372.x
https://doi.org/10.1007/s10811-006-9100-4
https://doi.org/10.1111/1462-2920.14630
https://www.ncbi.nlm.nih.gov/pubmed/30972877
https://doi.org/10.1104/pp.111.184333
https://www.ncbi.nlm.nih.gov/pubmed/22065419
https://doi.org/10.1111/j.1529-8817.2012.01186.x
https://www.ncbi.nlm.nih.gov/pubmed/27008996
https://doi.org/10.1016/j.algal.2018.06.004
https://doi.org/10.3389/fmars.2021.638739

Toxins 2024, 16, 518 14 of 14

46.

47.

48.

49.

50.
51.

Mo, Q.; Li, Z; Sayer, E.J.; Lambers, H.; Li, Y.; Zou, B.; Tang, J.; Heskel, M.; Ding, Y.; Wang, F,; et al. Foliar phosphorus fractions
reveal how tropical plants maintain photosynthetic rates despite low soil phosphorus availability. Funct. Ecol. 2019, 33, 503-513.
[CrossRef]

Tan, L.; Xu, W.; He, X.; Wang, ]. The feasibility of Fv/Fm on judging nutrient limitation of marine algae through indoor simulation
and in situ experiment. Estuar. Coast. Shelf Sci. 2019, 229, 106411. [CrossRef]

Li, M.; Shi, X.; Guo, C.; Lin, S. Phosphorus deficiency inhibits cell division but not growth in the dinoflagellate Amphidinium
carterae. Front. Microbiol. 2016, 7, 826. [CrossRef]

Bryant, J.P.; Chapin III, ES.; Klein, D.R. Carbon/nutrient balance of boreal plants in relation to vertebrate herbivory. Oikos 1983,
40, 357-368. [CrossRef]

Stamp, N. Out of the quagmire of plant defense hypotheses. Quart. Rev. Biol. 2003, 78, 23-55. [CrossRef]

Tang, Z.; Qiu, J.; Wang, G.; Ji, Y.; Hess, P.; Li, A. Development of an efficient extraction method for harvesting gymnodimine-A
from large-scale cultures of Karenia selliformis. Toxins 2021, 13, 793. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/1365-2435.13252
https://doi.org/10.1016/j.ecss.2019.106411
https://doi.org/10.3389/fmicb.2016.00826
https://doi.org/10.2307/3544308
https://doi.org/10.1086/367580
https://doi.org/10.3390/toxins13110793
https://www.ncbi.nlm.nih.gov/pubmed/34822577

	Introduction 
	Results 
	Effects of S/V on the Growth of K. selliformis 
	Effects of S/V on the GYM-A Production of K. selliformis 
	Effects of Nitrogen and Phosphorus on the Growth and Photosynthetic Parameters of K. selliformis 
	Effects of Nitrogen and Phosphorus on the GYM-A Production of K. selliformis 

	Discussion 
	Conclusions 
	Materials and Methods 
	Chemicals 
	Culture of Karenia selliformis 
	Record of Cell Density 
	Experimental Design 
	Comparison for Different Medium Volumes 
	Comparison for Different Nitrogen and Phosphorus Concentrations 

	Measurement of Photosynthetic Parameters 
	Extraction of Toxins 
	LC-MS/MS Analysis Method 
	Statistical Analysis 

	References

