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ABSTRACT: We aimed to study the growth and toxicity responses of non-toxic (CCMP683) and
toxic (CCMP2804) strains of Prorocentrum hoffmannianum under various nitrate and phosphate
concentrations. The 2 strains were cultured in L1-Si medium with standard, depleted or 10-fold
repleted nitrate or phosphate. CCMP683 cultured in standard L1-Si medium exhibited delayed
growth. Nitrate or phosphate depletion decreased the cell density of both strains. Repletion of
nitrate slightly increased the cell density of both strains. Repletion of phosphate also slightly
increased the cell density of CCMP2804 but surprisingly decreased the cell density of CCMP683.
Okadaic acid (OA) and its derivatives were not detected in CCMP683. OA was detected only in
CCMP2804. Depletion of nitrate or phosphate increased the cellular concentration of OA, and
repletion of nitrate or phosphate had no effect on the cellular concentration of OA. Correlation
analysis indicated that the cellular concentration of OA was negatively correlated with cell den-
sity. Differences in the growth response to phosphate repletion and in the ability to produce OA
suggest that the 2 strains may be good candidates for comparative studies related to phosphate
metabolism and OA toxicity.
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1. INTRODUCTION

Harmful algal blooms (HABs) have recently be-
come a major global concern, as their incidence has
increased dramatically over the last few decades
(Van Dolah 2000). It is believed that global warming
and increased anthropogenic activities contribute to
the increase of HABs (Berdalet et al. 2016). HABs
have resulted in not only economic losses but also
marine toxin poisoning in humans due to the con-
sumption of toxins accumulated in shellfish. As a
result, investigation into the mechanisms of marine
toxin production by the causative marine harmful
algae species is warranted to mitigate the effects of
HABs. Among all the marine toxins produced by
harmful microalgae, diarrhetic shellfish poisoning

*These co-first authors contributed equally
**Corresponding author: wflee@ouhk.edu.hk

(DSP)-causing toxins, which include okadaic acid
(OA) and its derivatives, are less studied due to the
less severe acute symptoms induced compared with
other toxins such as paralytic shellfish poisoning
toxins (Lee et al. 2016). However, recent findings
indicated that DSP toxins are implicated in carcino-
genesis (Valdiglesias et al. 2013), and it was shown
in a number of studies that long-term, low-dose
exposure of OA resulted in increased DNA damage
in several human and marine cell types (Traoré et
al. 2001, Valdiglesias et al. 2011, McCarthy et al.
2014). These findings highlight the importance of
investigating DSP toxins and the related harmful
algae species to control HABs and the associated
adverse health effects due to DSP toxins (Valdigle-
sias et al. 2013).
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Nitrate and phosphate are crucial to the growth of
dinoflagellates and the production of DSP toxins
(Paerl 2008, Conley et al. 2009). Nitrate is essential to
the synthesis of chlorophyll and shellfish toxins
(Anderson et al. 1990, Wang & Hsieh 2002). Phos-
phate is crucial for supporting the metabolism of an
array of biomolecules, thus in turn impacting a vast
number of cell functions including bioenergetics, cell
signalling and cell growth. Prorocentrum lima is the
major producer of DSP toxins and has been investi-
gated intensively (Shumway 1990, Burgess & Shaw
2001). For example, Vanucci et al. (2010) reported
that the growth of P. lima was associated with the
increase in the concentration of nitrate and phos-
phate, but the cellular concentrations of OA and
dinophysistoxin (DTX)-1 in the stationary phase
were negatively associated with the concentrations
of nitrate and phosphate. Other Prorocentrum spe-
cies include P. arenarium (Ten-Hage et al. 2000), P.
faustiae (Morton 1998), P. concavum (Dickey et al.
1990), P. hoffmannianum species complex (Aikman
et al. 1993, Morton et al. 1998, Herrera-Sepulveda et
al. 2015), P. levis (Faust et al. 2008), P. maculosum
(Zhou & Fritz 1994) and P. rhathymum (Caillaud et al.
2010). However, these Prorocentrum species differ in
the DSP toxins produced. For example, some P. lima
and P. faustiae strains are capable of producing OA
and DTX-1 (Lee et al. 1989, Marr et al. 1992,
McLachlan et al. 1994, Morton et al. 1998, Vanucci et
al. 2010), while P. hoffmannianum and P. rhathymum
only synthesise OA (Aikman et al. 1993, Caillaud et
al. 2010). This phenomenon indicates that there are
variations in the metabolism of DSP toxin production
among these species and that these variations may
be the result of the genetic and physiological varia-
tions between these species. Also, physiological res-
ponses under different growth conditions, especially
under various nitrate and phosphate concentrations,
remain unclear in many Prorocentrum species. It is
expected that the physiological responses, including
growth and toxicity, and the underlying molecular
mechanisms between different Prorocentrum species
are different. Since most DSP toxin producers except
P. lima have seldom been investigated, it is essential
to investigate the physiological responses of other
DSP toxin-producing species under nitrate and phos-
phate stresses to fully understand the biological prin-
ciples of the growth and DSP toxin production of
microalgae.

A previous study (Lee et al. 2012) indicated that 2 P.
hoffmannianum strains (CCMP683 and CCMP2804)
were highly similar to each other (internal tran-
scribed spacer and partial large ribosomal subunit

sequences of the 2 strains shared 99.7 %) but differed
significantly in their cellular OA content. Immuno-
assay and ultra-performance liquid chromatography
with fluorescence detection (UPLC-FLD) analysis
indicated that no OA was detected in CCMP683,
whereas CCMP2804 had the highest cellular content
of OA among 8 toxic Prorocentrum spp. strains (Lee
et al. 2012). In this study, we performed comparative
studies by depleting and repleting nitrate and phos-
phate in the culture medium to determine the differ-
ential responses of the 2 strains in growth and DSP
toxin production.

2. MATERIALS AND METHODS
2.1. Algal cultures and cultivation conditions

Two Prorocentrum hoffmannianum strains (CCMP-
683 and CCMP2804) were purchased from the
National Center for Marine Algae and Microbiota.
The 2 strains were inoculated in 100 ml L1-Si me-
dium prepared with 30 ppt autoclaved natural sea-
water (nitrate concentration: 883 1M; phosphate con-
centration: 36.2 pM.) The cultures were maintained
in a growth chamber at 22°C under a 12 h light:12 h
dark cycle. Light intensity was adjusted to approxi-
mately 3000 lux provided by a cool white fluorescent
light. For determination of the growth curve, 1 x 10°
cells were inoculated in 100 ml L1-Si medium at a
cell density of 1 x 10° cells ml~!. Cell density was
determined every 2 to 3 d for 42 d. The specific
growth rate (1) for the exponential growth phase of
each strain was calculated using the following equa-
tion: u = (In N; —In Ny)/(t; — ty), where Ny and N, are
the cell density readings at time {, and ¢;. For deter-
mining the growth responses of the 2 strains cultured
in various nitrate or phosphate concentrations, cells
were cultured in L1-Si medium depleted with nitrate
or phosphate, except the residual amount of nitrate
and phosphate in the natural seawater used for
preparing the L1-Si medium, or in L1-Si medium
repleted with 10-fold of nitrate or phosphate (nitrate
concentration: 8.83 mM; phosphate concentration:
362 pM). The duration of the experiment and sam-
pling frequency for cell counting were the same as
above. The algal cells grown in L1-Si medium were
used as a control for comparison. However, changes
in the cell density of the 2 strains could not be com-
pared directly using absolute cell number because of
the differences in the cell density between the 2
strains when cultured in standard L1-Si medium.
Instead, the percentage change in cell density was
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used to compare changes in the growth of the 2
strains.

2.2. UPLC-FLD analysis of DSP toxins

We harvested 2 x 10° cells of the 2 strains from all
the experimental conditions listed in Section 2.1 on
Days 28 and 50. The cells were sonicated in 500 pl of
80 % methanol for 2 min twice. Cell extracts were
centrifuged and filtered with a 0.2 pm filter to remove
cell debris. Filtered cell extracts were mixed with
500 pl of hexane for toxin extraction. The methanolic
layer was collected, air dried and reconstituted in
100 pl of 0.1% pyrenyldiazomethane (w/v in ethyl
acetate) at 37°C for 2 h in the dark for derivatisation.
Samples were then sonicated for 10 min and further
incubated at 37°C for 2 h in the dark. The solvent in
the derivatised samples was evaporated, and the
remaining samples were reconstituted in 200 pl 1:1
dichloromethane:hexane (v/v) solution followed by
cleanup using a Sep-Pak cartridge (500 mg, Waters).
Samples were air dried and reconstituted in 500 pl
100 % methanol. UPLC-FID analysis was performed
with a Waters ACQUITY UPLC H-class system cou-
pled with a fluorescence detector (Waters); 1 pul ali-
quots of the samples were injected into an ACQUITY
UPLC HSS T3 column (2.1 x 10 mm, 1.8 pm, Waters).
The mobile phase consisted of acetonitrile, methanol
and water (8:1:1) and flowed isocratically for 0.5 ml
min~! at 22°C. The excitation and emission wave-
lengths were set at 365 and 415 nm, respectively.
Putative toxin peaks were identified by comparison
with the retention time of the corresponding toxin
standards purchased from the Institute for Marine
Biosciences, National Research Council Canada. A
toxin sample extracted from Alexandrium tamarense
(CCMP116) was used as a negative control.

2.3. Statistical analysis

Graphing and statistical analysis were performed
using Prism 8.0 (GraphPad Software). Multiple ¢-tests
were used for comparing the growth of the 2 strains
in standard L1-Si medium. One-way ANOVA with
Tukey's multiple comparison test was used for deter-
mining the effect of nitrate and phosphate depletion
or repletion on the cell density of each strain on dif-
ferent days. Two-way ANOVA with Tukey's multiple
comparison test was used for determining the effect
of nitrate and phosphate depletion or repletion per-
centage change in cell density and on the changes in

OA production of the 2 strains on different days.
Pearson correlation analysis was used to determine
the correlation between cell density and the cellular
concentration of OA. A p-value of <0.05 was consid-
ered to be significant.

3. RESULTS
3.1. CCMP683 growth compared with CCMP2804

Growth of the 2 strains in standard L1-Si medium
over 42 d was monitored by direct counting of the cell
number of the 2 strains under a light microscope, and
the growth curve of the 2 strains was established
(Fig. 1a). The initial growth rate of the 2 strains was
similar from Day O until Day 6, when they diverged
with CCMP2804 exhibiting faster growth. The cell
density of CCMP2804 increased from 1.74 x 10° cells
ml~! on Day 6 and reached the log phase on Day 15
with a cell density of 9.53 x 10° cells ml~!. CCMP2804
entered the stationary phase on Day 33 with a cell
density of 3.79 x 10* cells ml~!, CCMP683 exhibited
delayed growth compared with CCMP2804. It exhib-
ited an initial increase in growth rate 2 d later (Day 8)
than CCMP2804 with a cell density of 1.59 x 103 cells
ml~!. It reached the log phase on Day 27 with a cell
density of 1.00 x 10* cells ml~! and was 12 d later than
CCMP2804. On Day 42, the cell density reached 3.50
x 10* cells ml™! and remained the same on Day 46.
The same phenomenon was observed in CCMP2804
9 d later than CCMP683. The cell density of CCMP-
2804 was significantly higher than that of CCMP683
from Day 10 until Day 37, except on Day 35 (Fig. 1a).
However, the cell density of the 2 strains in the sta-
tionary phase was similar, suggesting that the maxi-
mum capacity of the culture medium was reached.
Also, there was no significant difference in the fastest
growth rate of the 2 strains (Fig. 1b). CCMP2804 ex-
hibited the fastest growth from Days 15 to 33 with a
growth rate of 0.07 u. CCMP683 exhibited the fastest
growth on Days 27 to 42 with a growth rate of 0.08 p.
Our data indicated that CCM683 exhibited delayed
growth compared with CCMP2804, although the
maximum cell density and the maximum growth rate
of the 2 strains in the culture were similar.

3.2. CCMP683 OA production in standard
L1-Si medium

We further investigated the production of OA and
its derivatives, DTX-1 and DTX-2, by the 2 strains.
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Fig. 1. Growth response of CCMP683 and CCMP2804 in standard L1-Si medium. Cells of the 2 strains were cultured in stan-

dard L1-Si medium for 42 d. Cell densities were measured every 2 to 3 d. (a) Growth curve of the 2 strains. (b) Peak growth

rate of the 2 strains. All data show mean + SD. Three independent experiments were conducted (n = 3). ns: no significance.
p<0.05 **p<0.01, ***p <0.001, multiple t-tests (a) or t-test (b)

Day 28 was chosen for cellular OA measurement
because the 2 strains exhibited similar growth rates
starting from Day 27 and also showed their maximum
growth rates. Day 28 was thus suitable for comparing
the toxicity response of the 2 strains. Day 50 was also
chosen because it represented the toxicity response
in the stationary phase. Fig. 2a shows the representa-
tive chromatogram of the UPLC-FID measurement of
the 3 toxins. Chromatographic data indicated that
OA but not DTX-1 and DTX-2 was detected in
CCMP2804. Cells of CCMP2804 had an average of
6.08 and 12.0 pg of OA per cell on Days 28 and 50,
respectively (Fig. 2b). Statistical analysis indicated
that the cellular concentration of OA on Day 50 was
significantly higher than that on Day 28 (p < 0.001).
As expected, no toxin was found in the cell extracts
of CCMP683 on both days (Fig. 2). This difference
prompted us to further investigate the changes in cell
density and OA production of the 2 strains cultured
in L1-Si medium with various nitrate or phosphate
concentrations.

3.3. Changes in cell density of the 2 strains in
various nitrate concentrations

We investigated changes in the cell density of the 2
strains by depleting and repleting nitrate in L1-Si
medium. Comparing the cell density on Day 21 (rep-
resenting the mid-log phase) and Day 42 (represent-
ing the early stationary phase) in different nitrate

availabilities, depletion of nitrate in L1-Si medium re-
sulted in a significant reduction in the cell density of
both strains (Fig. 3a). On Day 21, nitrate depletion de-
creased the cell density from 6.41 x 10° cells ml™! in
standard L1-Si medium to 1 x 10° cells m™! (p < 0.05),
equivalent to an 83.9 % decrease in the cell density of
CCMP683 (Fig. 3b). On Day 42, nitrate depletion de-
creased the cell density of CCMP683 from 4.03 x 10*
to 1.16 x 10° cells ml™! (p < 0.001), equivalent to a
96.7 % decrease in cell density. A similar phenomenon
was observed in CCMP2804. On Day 21, nitrate de-
pletion resulted in a 90.4 % reduction in cell density
from 2.13 x 10 to 2.02 x 10% cells ml™! (p < 0.001)
(Fig. 3a,b). On Day 42, nitrate depletion decreased the
cell density by 95.2% from 4.02 x 10* to 1.91 x 10°
cells ml™! (p < 0.001). The comparison indicated that
both strains exhibited about an 80 to 90 % decrease in
cell density on Days 21 and 42 when cultured in the
nitrate-depleted condition. However, while CCMP-
2804 exhibited a similar percentage change on both
days, CCMP683 exhibited a further decrease in the
percentage change on Day 42 (p < 0.01), although
both strains attained a similar reduction in the per-
centage change in cell density on Day 42.

Although changes in the cell density of both strains
were similar in response to nitrate depletion in L1-Si
medium, the 2 strains responded differently when
cultured in nitrate-repleted L1-Si medium. CCMP683
cultured in nitrate-repleted medium exhibited an
increase in cell density from 6.41 x 10% to 1.35 x 10%
cells ml™? (p < 0.05) on Day 21 but no significant
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from 4.02 x 10* to 5.31 x 10* cells m1™!
(p < 0.05). In terms of the percentage
change in cell density, CCMP683 ex-
hibited a 113.7 % increase in cell den-
sity, while CCMP2804 exhibited a
6.55 % decrease in cell density on Day
21 (p < 0.001) (Fig. 3d). On Day 42,
however, the increase in the percent-
age change in cell density of the 2
strains was not significantly different.

3.4. Changes in cell density of
the 2 strains in various phosphate
concentrations

As phosphate is also crucial to the
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Fig. 2. Measurement of cellular concentration of okadaic
acid (OA) and its derivatives in the 2 strains cultured in stan-
dard L1-Si medium. (a) Representative chromatogram of ul-
tra-performance liquid chromatography with fluorescence
detection analysis of OA and its derivatives (dinophysistoxin
[DTX]-1 and DTX-2) in the cell extracts of CCMP683 and
CCMP2804. Black line: toxin standard; red line: CCMP683;
blue line: CCMP2804. EU: emission unit. (b) Cellular con-
centration of OA of the cell extracts of CCMP683 and
CCMP2804 on Days 28 and 50. Data show mean + SD. Three
independent experiments were conducted (n = 3). ***p <
0.001, t-test

Concentration of cellular okadaic acid (pg cell-1)

increase on Day 42 (3.90 x 10* cells ml™!) (Fig. 3c). In
contrast, CCMP2804 cultured in nitrate-repleted me-
dium exhibited a slight decrease in cell density from
2.13 x 10* to 1.99 x 10* cells mI~! on Day 21. However,
on Day 41, nitrate repletion increased the cell density

growth of the 2 strains, changes in
the cell density of the 2 strains in L1-
Si medium depleted (0 pM) or re-
pleted (362 pM) with phosphate was also examined.
Phosphate depletion decreased the cell density of
CCMP683 from 6.41 x 10° to 2.31 x 10 cells ml™" and
that of CCMP2804 from 2.13 x 10* to 3.02 x 10° cells
ml~! (p < 0.001) on Day 21 (Fig. 4a). These changes in
cell density were equivalent to 63.5 and 85.8% re-
ductions in the cell density of CCMP683 and
CCMP2804, respectively (p < 0.001) (Fig. 4b). A simi-
lar reduction in the cell density of both strains was
also observed on Day 42. The cell density of
CCMP683 and CCMP2804 decreased from 3.50 x 10*
to 3.02 x 102 cells ml~! (p < 0.001) and from 4.02 x 10*
to 3.23 x 10° cells ml™! (p < 0.001), respectively
(Fig. 4a). However, both CCMP683 and CCMP2804
showed a similar reduction in the percentage change
in cell density (91.3 and 91.9 %, respectively) (Fig. 4b).
Phosphate repletion led to differential changes in the
cell density of the 2 strains with the cell density of
CCMP2804 increasing from 2.13 x 10* to 2.29 x 10*
cells ml™! (ns), equivalent to a 7.51% increase on
Day 21 (Fig. 4c,d). This increase was expanded on
Day 42, and the cell density of CCMP2804 increased
by 21.9% from 4.02 x 10* to 4.90 x 10 cells ml™! (p <
0.001). Phosphate repletion, however, surprisingly
decreased the cell density of CCMP683. On Day 21,
the cell density of CCMP683 decreased by 4.92%
from 6.41 x 10% to 6.08 x 10° cells ml~! (ns) (Fig. 4c,d).
This decrease was widened to 32.0% on Day 42 as
compared with 4.92% on Day 21 (p < 0.05), and the
cell density of CCMP683 decreased from 3.50 x 10* to
2.36 x 10* cells ml™ (p < 0.01). Our data showed that
the 2 strains exhibited differential changes in cell
density in response to phosphate repletion in L.1-Si.
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Fig. 3. Effect of nitrate depletion and repletion on cell growth. Cells of the 2 strains were cultured in L1-Si medium: (a,b)

depleted in nitrate or (c,d) 10-fold repleted with nitrate. Changes in cell density were measured on Days 21 and 42. The 2

strains were analysed (a,c) independently in absolute cell number by 1-way ANOVA with Tukey's multiple comparison test or

(b,d) collectively in percentage change in cell density by 2-way ANOVA with Tukey's multiple comparison test. All data show
mean + SD. Three independent experiments were conducted (n = 3). *p < 0.05, **p <0.01, ***p <0.001

3.5. Response of cellular concentration
of OA under various nitrate and phosphate
concentrations in L1-Si medium

The absence of detectable concentrations of cellu-
lar OA in CCMP683 in standard L1-Si medium and
the differential responses in the cell density of the 2
strains under various growth conditions prompted
us to characterise the changes in the cellular con-
centration of OA in the 2 strains under the various
culture conditions examined in Sections 3.3 and 3.4.
The cellular concentration of OA, DTX-1 and DTX-2
in cell extracts was measured on Days 28 and 50.
Similar to previously reported results, no DTX-1 and
DTX-2 was detected in the cell extracts of both

strains in all conditions tested (Fig. 5a). Also,
changes in culture conditions did not result in any
measurable concentration of OA in CCMP683
(Fig. 5). However, OA was found in CCMP2804 cul-
tured in standard L1-Si medium. The cellular con-
centrations of OA on Days 28 and 50 were 6.31 and
12.40 pg cell™!, respectively.

However, nitrate depletion increased the cellular
concentration of OA in CCMP2804 on both Days 28
and 50 (Fig. 5a). The cellular concentration of OA
was increased to 21.38 pg cell™! on Day 28 (p < 0.05).
The same trend was also observed on Day 50. The
cellular concentration of OA in CCMP2804 increased
to 45.38 pg cell! and was significantly higher than
that of the control (p < 0.05). The cellular concentra-
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Fig. 4. Effect of phosphate depletion and repletion on cell growth. See Fig. 3 for details

tion of OA on Day 50 was also significantly higher
than that on Day 28 (p < 0.001). However, in contrast,
repletion of nitrate did not result in any significant
change in the cellular concentration of OA (Fig. 5a).
The concentration of OA was 16.38 pg cell”! on
Day 50.

A similar phenomenon was also observed when
phosphate concentration was varied. Phosphate de-
pletion increased the cellular concentration of OA
from 6.31 to 18.86 pg cell™* on Day 28 (p < 0.05)
and from 12.37 to 67.03 pg cell™* on Day 50 (p <
0.001) (Fig. 5b). Also, the cellular concentration of
OA on Day 50 was significantly higher than that on
Day 28 (p < 0.001). Similar to nitrate repletion,
phosphate repletion did not lead to any significant
change in the cellular concentration of OA on both
Day 28 (12.57 pg cell™!) and Day 50 (14.74 pg
cell™).

3.6. Correlation of cellular concentration
of OA with cell density

The drastic increase in the cellular concentration
of OA in cells cultured in nitrate- or phosphate-
depleted L1-Si medium prompted us to explore the
correlation between cell density and the cellular con-
centration of OA. The cellular concentration of OA in
the cells of CCMP2804 cultured in all growth condi-
tions was correlated with their corresponding cell den-
sity on Day 28 using Pearson's correlation test. The
same analysis was also performed for data obtained on
Day 50. Correlation analysis indicated that the cellular
concentration of OA was negatively correlated with
cell density on Day 28 with a Pearson's correlation co-
efficient of —0.737 (p = 0.002) (Fig. 6a). The same phe-
nomenon was observed on Day 50 with a Pearson's
correlation coefficient of —0.877 (p < 0.001) (Fig. 6b).
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4. DISCUSSION

This study compared the growth and toxicity res-
ponses of CCMP683 (non-toxic) and CCMP2804
(toxic) under various nitrate and phosphate concen-
trations. We compared the growth of the 2 strains to
determine a suitable timeframe for other studies.
Comparison of the growth of CCMP683 and
CCMP2804 cultured in standard L1-Si medium over
42 d revealed that CCMP683 had slower initial
growth than CCMP2804 (Fig. 1a). However, the dif-
ference in their growth rate on Day 42 was not statis-
tically significant (Fig. 1b). It is also possible for
CCMP683 to outgrow CCMP2804, especially since
CCMP683 exhibited accelerated growth from
Day 37. However, taken together, the similar growth
rate of the 2 strains from Days 27 to 33 suggests that
comparative studies of the 2 strains can be conducted
within this timeframe.
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Fig. 6. Cellular concentration of okadaic acid (OA) was negatively correlated with cell density. Cellular concentration of OA in
CCMP2804 on (a) Day 28 and (b) Day 50 was correlated with its corresponding cell density using Pearson's correlation test
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We further investigated changes in the cell density
of the 2 strains under different culture conditions. It is
not surprising that depletion of nitrate or phosphate
reduced the cell density of both strains, as nitrate and
phosphate are crucial to the growth of microalgae
(Figs. 3 & 4). These findings were consistent with
results obtained from other studies on various Proro-
centrum species (Morton 1998, Lai et al. 2011, Li et
al. 2015b). However, our data suggest that CCMP2804
may be more sensitive to the depletion of nitrate or
phosphate than CCMP683 (Figs. 3b & 4b). This may
be due to a lower nitrate or phosphate reserve in the
cells of CCMP2804 or an overshooting response of
the fast-growing CCMP2804. Further studies are
needed to confirm these hypotheses. In addition,
contrary to studies by McLachlan et al. (1994) and
Morton (1998), nitrate and phosphate repletion only
resulted in a modest increase in cell density. It is pos-
sible that nitrate and phosphate were not the only
limiting factors at the stationary phase; other nutri-
ents such as glucose might also be exhausted while
metabolic wastes accumulated.

It is surprising that phosphate repletion reduced
the cell density of CCMP683 (Fig. 4). Vanucci et al.
(2010) and Sohet et al. (1995) reported that phos-
phate repletion increased the maximum cell density
of P. lima and was contradictory to our findings. The
reduction in cell density may be due to an increase in
cell death, a reduction in cell proliferation or an
effect of both (Chan et al. 2013, Zheng et al. 2013). It
was reported that excess phosphate inhibited cell
growth and decreased cell viability in Protoceratium
reticulatum (Gallardo-Rodriguez et al. 2009) and
freshwater microalgae (Martinez et al. 1999). It is
possible that certain byproducts of phosphate meta-
bolic pathways were lethal to the cells or the surge in
phosphate-activated apoptotic kinase. It was demon-
strated that an increase in inorganic phosphate con-
centration resulted in apoptosis and cell cycle arrests
through the activation of mitogen-activated protein
kinases (Bergwitz & Jippner 2011). Also, an exces-
sive amount of phosphate may favour the formation
of calcium phosphate crystal in cells, leading to cell
death (Ewence et al. 2008). It was reported that cal-
cium phosphate crystals exerted an apoptotic effect
in macrophages through the activation of PKC,
ERK1/2, and JNK signaling pathways (Hsieh &
Nguyen 2005, Nadra et al. 2005, Sun et al. 2015). Cell
density may also be decreased through cell cycle
arrest. It was reported that a high concentration of
inorganic phosphate led to the cell cycle arrest of
human smooth muscle cells (Rahabi-Layachi et al.
2015). However, there is little information on the

inhibitory effect of phosphate on the cell growth of
dinoflagellates or cyanobacteria, and most studies
reported a stimulatory effect of phosphate on cell
growth (Li et al. 2015a,b). Our finding highlights that
different Prorocentrum species may vary signifi-
cantly in their metabolisms, and the precise mecha-
nism of the inhibitory effect of high inorganic phos-
phate concentration on the cell density of CCMP683
remains to be investigated.

Apart from the differences in growth responses,
the 2 strains also exhibited different toxicities. While
OA could be detected in the cell extracts of
CCMP2804 cultured at various conditions, no OA,
DTX-1 or DTX-2 could be detected in the cell
extracts of CCMP683 at any culture condition exam-
ined (Figs. 2b & 5). Based on our data and the results
reported in other studies, it seems that the lack of
DSP derivatives is characteristic to Prorocentrum
hoffmannianum (Aikman et al. 1993, Morton &
Bomber 1994, Morton et al. 1994). The absence of OA
may be attributed to the types of polyketide synthase
(PKS) presented in CCMP683 (Macpherson et al.
2003, Snyder et al. 2003) and led to the absence or
impairment in the metabolic pathway of OA produc-
tion. Although Perez et al. (2008) demonstrated that
OA could be detected in CCMP683, it should be
noted that the detected OA was likely originated
from symbiotic bacteria but not from CCMP683 itself.
Perez et al. observed that Roseobacter was associ-
ated with OA-producing Prorocentrum but not non-
toxic Prorocentrum. Subsequent phylogenetic analy-
sis of the PKS gene also revealed that Prorocentrum
PKS sequences did not group with those of Crypto-
sporidium pavum or Karenia brevis, suggesting the
detected OA was originated from the symbiotic bac-
teria (Perez et al. 2008). This observation further
strengthens the possibility that CCMP683 is inher-
ently unable to produce OA. It also highlights the
need to use axenic culture in microalgae studies to
differentiate or exclude factors originated from sym-
biotic bacteria from the investigated factors.

Our data indicated that depletion of nitrate and
phosphate increased the cellular concentration of OA
in CCMP2804 (Fig. 5). According to the previous re-
view by Lee et al. (2016) the cellular amount of OA
increased when P. lima was grown with less than
882 pM of nitrate or 30 pM of phosphate, but the
trend is not in proportion. Our study partially
matched with this statement because the proportion-
ality is still unknown. Recent study also investigated
the cellular amount of OA in P. hoffmanianium under
limited nitrate or phosphate at different tempera-
tures. However, the cells seem to be stressed in f/4
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medium with lower amounts of nitrate (441 ptM) and
phosphate (18.1 ptM) because the maximum cell den-
sity in f/4 medium was only around 2611 cells ml™,
which is approximately 5% of our study. Therefore,
regardless of nitrate and phosphate availability, the
cellular amount of OA was higher than that reported
by McLachlan et al. (1994), Vanucci et al. (2010) and
Accoroni et al. (2018). In comparison with our study,
the change in the cellular amount of OA at 21°C
under a reduced amount of phosphate is similar but
different under a reduced amount of nitrate. The dis-
crepancy is probably due to the increased cellular
amount of OA in stressed cells during cultivation in
f/4 medium in Accoroni et al.'s (2018) study. No extra
amount of OA was produced when the cells were
stressed in nitrate-limited medium again.
Correlation analysis suggested that cellular OA
concentration was negatively correlated with cell
density (Fig. 6). It is unlikely that the reduction in cell
density is due to the toxic effect of OA, as it was
demonstrated that P. lima was immune from the au-
totoxicity effect of OA (Windust et al. 1996, Sugg &
Van Dolah 1999). Several studies demonstrated that
the concentration of nitrate and phosphate was cor-
related with cell growth but negatively correlated
with cell toxicity (Sohet et al. 1995, Li et al. 2009,
Lépez-Rosales et al. 2014). Since both nitrate deple-
tion and phosphate depletion increased cellular OA,
nitrate and phosphate were unlikely the direct and
specific causes of this increase. Instead, the increase
in cellular OA is more likely due to the decrease in
cell density induced by nitrate or phosphate deple-
tion. Cell cycle progress is closely related to the pro-
duction of OA and its derivatives. It was demon-
strated in P. lima that the production of DTX-4, OA
and DTX-1 were associated with the progress of the
G1, S and G2 phases, respectively (Pan et al. 1999). It
is thus possible that cells of CCMP2804 entered the
GO phase and were actively producing OA, or that
the cell cycle was arrested at the phase which is asso-
ciated with OA production (Taroncher-Oldenburg et
al. 1997). Another possibility is the sharing and com-
petition of the metabolic pathways of cell division
and OA production. Wang et al. (2013) demonstrated
in P. donghaiense that proteins involved in the vari-
ous crucial biological process were associated with
different phases of the cell cycle. It is thus possible
that the expression of PKS, which is involved in OA
production, may also be associated with a specific
phase of the cell cycle. Cell cycle arrest at that phase
will, in turn, result in overproduction of OA. Also,
since phosphate repletion decreased the cell density
of CCMP683, the interaction between phosphate

metabolism, cell growth/cell death and OA produc-
tion should also be investigated. However, to fully
answer the relationship between cell death, cell cy-
cle, nitrogen and phosphate metabolism and PKS
and OA synthesis, thorough analysis based on flow
cytometric techniques, proteomics, genomics and
transcriptomics analysis is warranted (Rein & Snyder
2006).
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