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7  Abstract: Cysts serve as a seed source for the initiation and recurrence of a harmful

8 algal bloom (HAB) caused by dinoflagellates. And the influence of calcium on cyst

9 formation has been relatively understudied. In the present study, we investigated the
10  effects of calcium (Ca?*) on the growth and encystment of Scrippsiella trochoidea.
11 We incubated S. trochoidea in modified f/2 media in flasks which were divided into
12 five groups and treated with different Ca?" concentrations (0, 0.2, 0.4, 0.6, and 0.8
13 gL'). We revealed that cell density increased with increasing Ca?" concentrations;
14 however, cell density was reduced when Ca’" concentrations exceeded 0.2 g'mL-!.
15 Additionally, the number of cysts and the cyst formation rate similarly increased as
16 Ca?' concentrations increased, but these were reduced when Ca?" concentrations
17  exceeded 0.4 g-mL-'. Lastly, S. trochoidea absorbed Ca’>" from the water when cysts

18  were formed and under high Ca?" concentrations, more calcareous thorn cysts formed.

19  Keywords: Ca>", encystment, HAB, Scrippsiella trochoidea

20 Introduction

21 During recent decades, the coastal waters of China seas have experienced many
1
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22 harmful algal blooms (HABs) caused by dinoflagellates(Tang et al. 2016). Many
23  dinoflagellates generate cysts during their life cycle(Blackburn S. I et al. 2005), which
24  play an important role in promoting HABs (Figueroa R. I et al. 2010). These cysts are
25 usually associated with genetic recombination, maintenance, termination, and
26  recurrence of blooms. Further, they facilitate dinoflagellate survival under
27 unfavorable environmental conditions by protecting against viruses, grazers, and
28  parasites, as well as by promoting population expansion (Tang et al. 2012).
29  Scrippsiella trochoidea is a cosmopolitan bloom-forming dinoflagellate species that
30 can grow well in a narrow range of temperatures, with a notable tolerance of
31  temperatures as low as 10°C (Wang et al. 2007). S. trochoidea easily forms cysts
32  when surrounding environmental conditions become unsuitable for its survival; thus,
33 S trochoidea serves as a model organism for examining dinoflagellate cysts and their
34  role in promoting HABs. S. trochoidea has been reported in the USA and Japan
35 (Ishikawa A et al. 1996) and its resting cysts represent the dominant species in
36  Chinese coastal sediments, especially in Daya and Shenzhen Bays in the South China
37  Sea (Wang et al. 2004).

38 Encystment is related to factors such as aging of cultures, nutrient stress,
39 unfavorable light intensity, temperature changes, and bacterial attacks(Tang et al.
40  2012). Most research on dinoflagellate encystment has aimed at describing their life
41  history. Despite many studies which have focused on factors influencing
42  dinoflagellate encystment, little is known about the possible effects of metal ions on S.

43  trochoidea encystment and growth. S. trochoidea cysts are egg or oval shaped, and
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44  often covered with calcareous thorns; further, they typically contain one or two red
45  bodies (Cho et al. 2001). In our previous study, we identified two main cyst shapes,
46  calcareous thorn cysts and smooth surface cysts, and we further revealed that these
47  two cyst shapes occur in different ratios under different conditions(Wang et al. 2014).
48 Previous studies have indicated that the most common culture manipulation
49  which induces sexuality in autotrophic species is nutrient starvation(Istvan Grigorszky
50 et al.2006). However, despite being a necessary trace element of dinoflagellates, the
51 influences of calcium (Ca?") on S. trochoidea growth and encystment remain
52  understudied. Thus, will further understanding the role of calcium in cyst formation in
53  this species be important to further understanding and mitigating HABs. Therefore, in
54  the current study, we explored the effects of Ca?" on S. trochoidea growth to
55  determine its role in cyst formation; we further attempted to analyze the relationship

56  between Ca®' concentration and the proportion of different S. trochoidea cysts.

57 Materials and Methods

58 The clonal and axenic strains of S. frochoidea used in this experiment were
59  cultured at the Second Institute of Oceanography, Ministry of Natural Resources in
60 China. Aged seawater was filtered through a 0.45 pum pore size cellulose nitrate
61  membrane filter and autoclaved at 125°C for 30 min. Cultures were grown at
62  temperatures of 25 + 1°C, similar to sea surface temperatures in the East China Sea.
63  The cultures were grown under 300-500 1x of cool white fluorescent illumination on a

64 12 h light/12 h dark cycle with a salinity of 30%. To prepare bulk cultures, these
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65  growth procedures were scaled up in 3 L flasks. To prevent clumping, the cultures
66  were gently agitated twice daily.
67 S. trochoidea was cultured until a density of 3,120 cells mL-! was achieved on a
68  modified f/2 medium without silicon. To avoid variable concentrations of Ca?" from
69 the initial seeding liquid, the cells were concentrated on a sterile Nitex screen, washed
70  with sterile filtered (0.22um pore size; Nucleopore filter) seawater, and resuspended
71 in the modified experimental medium (Subba Rao 2011). A 50 mL sample of the
72  culture was washed and inoculated into 500 mL of the /2 culture medium in a 1,000
73  mL flask.
74 The cyst formation ratio (S) was calculated using the number of vegetative cells
75  and cysts as follows:
76 S(%) = E x 100%

M
77  Where M is the maximum number of vegetative cells and C is the maximum number
78  of cysts ( Tomoyuki Shikata et al. 2008).
79 In this study, we examined the effects of Ca’" on S. trochoidea growth by
80 conducting five experiments in triplicate (Table 1). Of these five experiments, one
81  group served as the control with no addition of CaCl,. In experimental groups two,
82 three, four, and five, Ca*" was added as CaCl, at concentrations of 0.2, 0.4, 0.6, and
83 0.8 g'L-!, respectively. Given that there is often 0.4 g-L-! of Ca?" in seawater naturally,
84  final Ca®" concentrations in our experiments were 0.4, 0.6, 0.8, 1.0, and 1.2 g'L,
85  respectively. Other required nutrients, trace metals, and vitamins were added to the f/2

86  medium and the cultures were homogenized by shaking before sampling.The duration

4


https://doi.org/10.1101/2020.12.14.422664
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422664; this version posted December 14, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

perpetuity. It is made available under aCC-BY 4.0 International license.

of the experiment was 60 d. Samples were collected for cell counts daily at the start of
the light cycle. Sample volumes of 3 mL were fixed with a drop of formalin, and
resting cysts and motile cells were counted and photographed using an inverted
microscope (Nikon, Ni-U, Tokyo, Japan).

Tab.1 The different concentrations of Ca?* in used in S. trochoidea culture

experiments
Group 1 2 3 4 5
Add concentration of Ca?*
0 0.2 0.4 0.6 0.8
(gL
Actual concentration of Ca2*
0.4 0.6 0.8 1.0 1.2

(g°Lh

Results and Discussion

Resting cysts and motile cells were easily distinguishable in the present study.
Motile cells were tapered and swam quickly, whereas resting cysts were egg or oval
shaped, did not move, and two cyst shapes were predominantly observed: calcareous

thorn cyst and smooth surface cysts.

S. trochoidea motile cell growth under different Ca?* treatments

We designed the laboratory experiments to study the response of S. trochoidea to
different concentrations of Ca**. Figure 1 shows changes in motile cell densities over
time under different experimental conditions. Under different Ca?* concentrations, the

cell cultures did not enter a lag phase and cell numbers increased exponentially

5
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103  following starvation. S. trochoidea motile cell density increased as Ca?*
104  concentrations increased when the Ca’* concentration was less than 0.2 g-mL-!. Cell
105  density was then reduced as Ca?" concentration exceeded 0.2 gmL!. As Ca?"
106  concentration increased, the stable and death phases were induced earlier in motile
107  cells. The control group entered the stable phase on day 21 and death phase on day 35.
108  Experimental groups exposed to Ca?" concentrations of 0.2, 0.4, 0.6, and 0.8 g-L'!
109  entered stable phases on day 21, 18, 13, and 13, respectively, and entered death phases

110  on day 35, 30, 30, and 27, respectively.

;vﬁﬂmlnm h' ht?hﬁb

15 18 21 24 27 30
Time(d)

(10%cells=0.1mL")

Motile cells
[ )

111

112 Fig.1 Changes in S. trochoidea motile cell densities over time under different Ca?*

113 treatment conditions
114 (m0m0.2g' L' m0.4gL!w0.6gL"!m0.8g L")
115 Some researchers studied the effects of Ca?>" on Microcystis aeruginosa growth

6
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116  and revealed that its growth was not influenced by increasing Ca?" concentrations,
117  although calcium was an important element for the growth of this species (Ding,
118  2017). However, there exist few studies which examined the effects of Ca?" on the
119  growth of different algal species and the results of these studies were variable. For
120  example, Shi found that high concentrations of Ca?* significantly inhibited the growth
121 of M. aeruginosa(Shi et al. 2013). Alternatively, Li et al(2003) found that increased
122 concentrations of Ca®" in the culture medium stabilized the structure and function of
123 Anabaena sp. PCC7120 cell membranes. Further, researchers revealed that M.
124 aeruginosa growth was strongly inhibited by Ca?" in that its growth decreased as the
125  concentration of Ca?" increased, but the effects of Ca’* on Scenedesmus obliquus
126 growth was less obvious(Zhao et al. 2014). Li et al(2017) further noted that increased
127  Ca’" concentrations promoted growth and improved  biological calcification in
128  Microcystis flos-aquae. Moreover, Huang (2012) found that both calcium and
129  irradiance significantly influenced growth, colony formation, and colonial cell
130  distribution in Phaeocystis globose in that growth and colony formation in this species
131 were completely inhibited on calcium-free medium. Additionally, colony enlargement
132  and abundance were hampered by low calcium concentrations. Lastly, compared with
133 non-colony-forming cells, colony-forming cells favored high calcium conditions.
134 Overall, these previous studies clearly reveal the variable influences of Ca’' on

135  different algal species.

136  S. trochoidea cyst formation under different Ca’" treatments
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Figure 2 shows changes in S. trochoidea resting cyst densities over time under
different experimental conditions. In the control group, cysts accumulated in large
numbers after 15 d. In contrast with the experimental cultures, the control group
formed cysts earlier and had a higher cyst density during early growth stages. The
maximum cyst density(12.8x103 cysts-mL!) occurred in group three (0.4 g - L'!), and
the minimum cyst density (6.2x103cysts'mL-")occurred in the control group; this
maximum cyst density was twice the minimum density. Cyst densities increased as
Ca?" concentrations increased until these concentrations reached 0.4 g'mL-!. Above

this concentration, cyst densities began to decline with increasing Ca?* concentrations.
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Fig.2 Changes in S. trochoidea cyst densities over time under different Ca**
treatment conditions
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We further calculated the cyst formation ratio to examine the relationship
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151  between S. trochoidea cyst formation and varying Ca*"concentrations (Figure 3). In
152  this study, cyst formation ratios were 22.1%, 28.7%, 47.2%, 46.5 %, and 44.6% in S.
153  trochoidea cultures exposed to Ca?"concentrations of 0, 0.2, 0.4, 0.6, and 0.8 gL,
154  respectively. The highest cyst formation ratio was recorded in group three (0.4 g-L!),
155  and the lowest cyst formation ratio was recorded in the control group. These results
156  indicate that cyst formation increased as Ca?" concentration increased until these
157  concentrations reached 0.4g-L-!l. Above this concentration, cyst formation was
158  reduced as Ca2" concentrations increased, but this reduction was not obvious.

159 To statistically analyze the effects of Ca?" on encystment, we conducted a
160  one-sample 7-test (P < 0.01; SPSS 16.0) which revealed that Ca?" addition

161  significantly promoted cyst formation in S. trochoidea cell cultures (P = 0.004).

44,6%

Cyst formation ratios (%)

0.6 0.8
162 C. oncenfration of C.acl;. adding (geL™)
163 Fig.3 Cyst formation ratios in S. trochoidea cultures under different
164 concentrations of Cacl,

9


https://doi.org/10.1101/2020.12.14.422664
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422664; this version posted December 14, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

165 In the current study, high Ca?" concentrations generally induced the formation of
166  cysts in S. trochoidea. Moreover, these cysts appeared earlier at higher concentrations
167  of Ca?". For example, cysts were observed as soon as the ninth day in group 5 (treated
168  with 0.8 g'L! of Ca?"). However, as Ca®" concentrations increased, cyst formation
169  rates initially increased and then decreased. This eventual decline in the rate of cyst
170  formation may have occurred given that high concentrations of Ca’" inhibited S.
171 trochoidea growth in the current experiment. Lastly, it is important to note that on the
172 last day of experimentation (60 days), the number and formation rate of cysts were

173  less than the initial values.

174  Rate of different cyst shapes in different concentrations of Ca?*

175 In our previous study, we identified two main S. trochoidea cyst shapes:
176  calcareous thorn cysts and smooth surface cysts. In this study, we analyzed the
177  formation rates of these two cysts under different Ca®" concentrations. Figure 4 shows
178  that the rate of calcareous thorn cyst formation increased as the concentration of Ca?*
179  increased, whereas the rate of smooth surface cyst formation showed an opposite
180  trend. In the control group, calcareous thorn cysts reached high proportions (70.6%).
181  However, in S. trochoidea cultures treated with Ca%" concentrations of 0.2, 0.4, 0.6,
182  and 0.8 g'L!, the rates of calcareous thorn cyst formation were higher (75.0%, 80.8%,
183  81.5%, and 83.3%, respectively). Overall, our results indicated that under higher
184  concentrations of Ca?*, more calcareous thorn cysts formed in S. trochoidea cultures.

185 To statistically analyze the effects of Ca?" on the formation rate of these two

10
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186  cysts, we conducted a one-sample 7-test (P < 0.05; SPSS 16.0) which revealed that

187  Ca’' addition significantly increased the rate of calcareous thorn cyst formation (P =

188  0.003).
g
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189 Rate in cysts (%)
190 Fig.4 Rate of cyst formation in S. frochoidea cultures under different
191 concentrations of Ca?* on day 60 of experimentation
192 (m Calcareous thorn cyst O Smooth surface cyst)
193 Generally, calcareous thorn cysts were most abundant; however, the ratio of

194  smooth surface cysts increased under some experimental conditions(Wang, 2014). In
195  this study, the concentration of Ca?* indeed influenced the ratio of these cysts in S.
196  trochoidea. The ratio of calcareous thorn cysts increased with increasing
197  concentrations of Ca®*, indicating that S. trochoidea absorbed Ca?" from the water
198  when cysts were formed, in accordance with previous research. For example, Wang
199  Yan et al(2009) found that cyst formation was closely associated with Ca’" in the
200  water in that S. trochoidea absorbed Ca?* to form the calcareous thorn following cyst

201  formation. However, the increase in calcareous thorn cyst ratio gradually stabilized as
11
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202  Ca?" concentrations increased. This result indicated that the shapes of cysts were
203  controlled by the internal rhythms of S. trochoidea. In accordance with our previous
204  studies, S. trochoidea indeed also formed smooth surface cysts although calcareous
205 thorn cysts occurred at much higher ratios. This phenomenon requires further

206  investigation, possibly at the genetic level.

207 Conclusion

208 This study suggests that different concentrations of Ca>" have different effects on
209  growth and cyst formation in S. trochoidea. As Ca®" concentrations increased, cell
210  density initially increased and then decreased, and cell stable and death phases were
211 induced earlier. The number of cysts and the cyst formation rate showed similar
212 trends as vegetative cell density in response to increased Ca?" concentrations in that
213 they increased as Ca?" concentration increased. After Ca’* concentrations exceed 0.4
214  g'mL!, the number of cysts and the cyst formation rate were reduced. We further
215  revealed that S. trochoidea absorbed Ca?" from the water when cysts were formed and
216 higher Ca?* concentrations promoted the formation of calcareous thorn cysts.

217
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