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Abstract: Shift of phytoplankton niches from low to high latitudes has altered their experienced light
exposure durations and temperatures. To explore this interactive effect, the growth, physiology, and
cell compositions of smaller Alexandrium minutum and larger A. catenella, globally distributed toxic
red tide dinoflagellates, were studied under a matrix of photoperiods (light:dark cycles of 8:16, 16:8,
and 24:0) and temperatures (18 °C, 22 °C, 25 °C, and 28 °C). Under continuous growth light condition
(L:D 24:0), the growth rate (i) of small A. minutum increased from low to medium temperature,
then decreased to high temperature, while the y of large A. catenella continuously decreased with
increasing temperatures. Shortened photoperiods reduced the p of A. minutum, but enhanced that
of A. catenella. As temperature increased, cellular Chl a content increased in both A. minutum and
A. catenella, while the temperature-induced effect on RubisCO content was limited. Shortened
photoperiods enhanced the Chl a but reduced RubisCO contents across temperatures. Moreover,
shortened photoperiods enhanced photosynthetic capacities of both A. minutum and A. catenella,
i.e., promoting the PSII photochemical quantum yield (Fy /Fy;, ®pspp), saturation irradiance (Ex),
and maximum relative electron transfer rate (rETRmax). Shortened photoperiods also enhanced
dark respiration of A. minutum across temperatures, but reduced that of A. catenella, as well as the
antioxidant activities of both species. Overall, A. minutum and A. catenella showed differential growth
responses to photoperiods across temperatures, probably with cell size.

Keywords: growth; photoperiod; temperature; rubisCO; respiration; antioxidant activity; cell size;
Alexandrium

1. Introduction

Global warming has increased the temperature in surface oceans [1,2], extending the
low thermal limit of phytoplankton and consequently shifting their niches from low to high
latitudes [3-5], which has led to the new appearance of temperate species at higher latitudes
and even subpolar regions [3]. Such a niches shift varies the temperatures and light expo-
sure durations (i.e., diel light:dark cycle) experienced by phytoplankton. Temperature is
well known to regulate phytoplankton growth through affecting their cellular biochemical
reactions that are catalyzed by the involved enzymes, such as ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO), and thus altering their physiological activities [6]. For
example, low temperature reduces the half-saturation constant of RubisCO and lowers the
energetic requirement of CO, acquisition [7,8], while high temperature enhances RubisCO
activity and gene expression and increases the organic carbon biosynthesis and accumu-
lation [9]. The photoperiod that usually alters the cell-received maximum irradiance or
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spectral compositions and day or night lengths [10-13] is another important factor to
entrain phytoplankton to a daily rhythm [10,14,15] and to regulate their growth [11,16,17].
In nature, the photoperiod varies with latitudes, seasons, and depths. At high latitudes it
can even vary between total darkness and constant illumination from winter to summer.
Such a seasonal variation is smaller at low latitudes, but the mixing induced by extreme
episodic weathers, e.g., typhoons [18], can abruptly vary the experienced light exposure of
cells over a short scale. The light exposure duration often modulates the organic matters
accumulation and energy metabolism within cells [19,20]. Previous studies showed that the
photoperiod regulates gene expression [21-23], cell division [24,25] and growth [11,16,17],
and even bloom dynamics of phytoplankton [26,27]. To date, however, only a few studies
have examined the interactive effects of temperature and photoperiod upon phytoplankton
physiology and metabolism [11,28-31].

Dinoflagellates, the second largest group next to diatoms in species numbers, are
important primary producers in the global oceans [32,33]. Cell size of dinoflagellates
spans a wide range [34] and strongly influences their growth, photosynthetic activities,
and adaptive traits [34-38]. As compared to large cells, small ones usually have more
efficient nutrient utilization capacity [39], retain a higher photosynthetic rate under limiting
light [17], and are more susceptible to photoinhibition under excessive light [40]. Small
cells also have a volume limit for the maximum reserves of energy, e.g., carbohydrates and
lipids [37], which is a consequent disadvantage for the dark respiration-fueled synthesis
of proteins or structural apparatus [20,41]. Cell size also varies the growth yield that is
supported by the coupling of reductant generation to carbon fixation and carbohydrate
retention [16,34,42,43], which may cause interspecific differences in growth responses to
temperature and photoperiod [11].

In this study, we aimed to understand the interacting effects of photoperiod and tem-
perature upon the responses of growth rate and physiology of dinoflagellate Alexandrium
species with different cell sizes. Alexandrium is one of the common dinoflagellates genera
and worldwide distributes in all types of marine habitats including eutrophic, mesotrophic,
and oligotrophic waters [44,45]. The Alexandrium genus contains many harmful species that
initiate harmful algal blooms (HABs), cause paralytic shellfish poisoning in both fish and
bivalve mollusks, and ultimately harm human health [46,47]. We thus selected two Alexan-
drium strains differing by ~230-fold in cell biovolume, a smaller Alexandrium minutum and
a larger con-generic Alexandrium catenella, and grew them under a matrix of photoperiods
and temperatures at an expected optimal instantaneous growth light intensity [17]. We
measured the growth, photosynthetic capacity, dark respiration, and antioxidant capacity,
as well as cellular chlorophyll a (Chl 2) and RubisCO contents to explore the underlying
mechanisms that link the growth rate to cell size, photoperiod, and temperature. Our
results would be helpful for understanding about the ecological effects of the changing
temperature and light duration upon Alexandrium species in a global warming scenario.

2. Results
2.1. Growth Rate

In small dinoflagellate A. minutum, under continuous 24 h growth light (L:D 24:0)
the growth rate (i) increased from 0.37 £ 0.01 dlata temperature of 18 °C to maximal
0.54 + 0.01 d—! at 25 °C and thereafter decreased to 0.41 & 0.01 d~! at 28 °C (Figure 1A).
Shortened photoperiod lengths (i.e., L:D 8:16 and 16:8) significantly decreased the p of
A. minutum across temperatures (p < 0.05), and under a L:D cycle of 16:8, the response of p
to growth temperature became weaker. In large A. catenella, however, the p under L:D 24:0
linearly decreased from 0.48 4- 0.02 d ! t0 0.19 & 0.01 d ! as the temperature increased
from 18 to 28 °C (R? = 0.98, p < 0.01). A shorter photoperiod (i.e., L:D 16:8) significantly
enhanced the p across temperatures (p < 0.05), while under L:D 8:16, such enhancement
solely occurred at 22 and 25 °C conditions. The response of p to increasing temperatures
was strongly influenced by the photoperiod for large A. catenella (p < 0.01), but not for
small A. minutum. In addition, the optimal growth temperature of A. minutum was ~25 °C
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(Figure 1A), while that of A. catenella seemed to be lower (i.e., between 22 °C and 18 °C)
and varied more with photoperiods (Figure 1B).
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Figure 1. Growth rate (1, d—1) versus culture temperature (°C) for smaller dinoflagellate Alexandrium minutum (A) and
larger Alexandrium catenella (B) under light:dark (L:D) cycles of 8:16, 16:8, and 24:0 and temperatures of 18, 22, 25, and
28 °C. Points show averages of three growth determinations on independently grown cultures; error bars show standard

deviations (n = 3), often within symbols.

2.2. Cell Compositions

To explore the mechanisms underlying these contrasting growth responses to temper-
atures and photoperiods between these two species, the cell biovolume-based biochemical
compositions and biological activities were analyzed. Under a L:D cycle of 8:16, Chl a
content in small A. minutum increased from 3.22 + 0.50 to 5.46 + 0.22 fg um~3 as the
temperature increased from 18 to 28 °C (Figure 2A); extended photoperiods drastically
reduced the Chl a content (p < 0.05), e.g., it reduced by 31% and 70% at 28 °C under L:D
16:8 and L:D 24:0, respectively. In large A. catenella, Chl a content increased from 0.35 £ 0.02
to 0.48 + 0.01 fg um—3 with increasing temperatures under shorter L:D 8:16, which was
higher than under a longer L:D of 16:8 and 24:0 (p < 0.01) (Figure 2B). In contrast to Chl g,
under the longest L:D, 24:0, the RubisCO contents in both A. minutum (0.95 £ 0.07 fg pum—3)
and A. catenella (0.92 £ 0.04 fg pum ) were higher (p < 0.05) than that under a shorter L:D
of 16:8 and 8:16 across temperatures (Figure 2C,D). In addition, Chl a content in A. minutum
was about 10-fold higher than that in A. catenella (Figure 2A,B), while the RubisCO contents
were similar in both species (Figure 2C,D).

2.3. Chlorophyll Fluorescence

In small A. minutum, the maximum photochemical quantum yield of PSII (Fy/Fy), an
indicator of photosynthetic capacity, was 0.64 & 0.02 and showed a limited variation across
temperatures and photoperiods (Figure 3A). In large A. catenella, however, the Fy/Fy
under a shorter photoperiod (L:D 16:8) increased from 0.44 £ 0.04 to 0.62 £ 0.02 as the
temperature increased from 18 to 28 °C, and an extended photoperiod duration (L:D 24:0)
drastically reduced the Fy/Fy by 34% across temperatures (Figure 3B). The extended
photoperiod also reduced the effective PSII quantum yield (®pgp) of both A. minutum and
A. catenella, especially at higher temperatures (Figure 3C,D). The rapid light curve-derived
parameters, i.e., light utilization efficiency («), saturation irradiance (Ex), and maximum
relative electron transfer rate (rETRmax), are shown in Figure 4. The o of A. minutum
was 0.23 £ 0.03, with a limited effect of temperature and photoperiod (Figure 4A), while
that of A. catenella seemed to increase with temperature (Figure 4B). Moreover, the Ex
of A. minutum was much lower than that of A. catenella across temperatures (p < 0.01)
and was significantly reduced by extended photoperiods (p < 0.05) (Figure 4C,D). Simi-
larly, the rETRpmax was significantly reduced by extended photoperiods as well (p < 0.05)
(Figure 4E,F).
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Figure 2. Cell biovolume-based chlorophyll a (A,B; Chl g, fg um*3) and RubisCO contents (C,D;
fg um—3) across growth temperature (°C) for A. minutum (A,C) and A. catenella (B,D) at L:D cycles
of 8:16, 16:8, and 24:0. Note: there is a 10-fold difference in the Y-axis scales of panels A and B.
Points show averages of three determinations on independently replicated cultures; error bars show

standard deviations, often within symbols.
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Figure 3. Maximal photochemical quantum yield (Fy /Fyp) of Photosystem II (PSII) (A,B) and effective
PSII quantum yield (C,D) across growth temperature (°C) for A. minutum (A,C) and A. catenella (B,D)
at L:D cycles of 8:16, 16:8, and 24:0. Points show averages of three determinations on independently
replicated cultures; error bars show standard deviations, often within symbols.
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Figure 4. The rapid light curve-derived light utilization efficiency (x) (A,B), saturation irradiance (Ex, pmol photons m™

s~1) (C,D), and maximal relative electron transfer rate (rETRmax) (E,F) across growth temperature (°C) of A. minutum
(A,CE) and A. catenella (B,D,F) at L:D cycles of 8:16, 16:8, and 24:0. Points show averages of three determinations on
independently replicated cultures; error bars show standard deviations, often within symbols.

2.4. Dark Respiration and Antioxidant Activity

In A. minutum the cell biovolume-based dark respiration rate (Rd) was higher under
shorter photoperiods (p < 0.01), while in A. catenella the Rd was lower, as compared to
longer photoperiods (p < 0.01) (Figure 5A,B). The Rd of both species slightly increased with
temperature. On the contrary to the Rd, cellular antioxidant activity in both A. minutum
and A. catenella was higher under longer L:D 24:0 than shorter L:D 16:8 or L:D 8:16 across
temperatures (p < 0.05) (Figure 5C,D). The increased temperature had a limited effect on the
antioxidant activity of A. minutum, but significantly decreased that of A. catenella (R* = 0.61,
p < 0.01). Finally, the Rd of A. minutum was about 1000-fold higher than that of A. catenella,
while the antioxidant activity was about 10-fold higher.
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Figure 5. Cell biovolume-based dark respiration (A,B; fmol O, pum 3 min~!) and antioxidant capa-
bility (C,D; fmol Tolox um3) across growth temperature (°C) for A. minutum (A,C) and A. catenella
(B,D) at L:D cycles of 8:16, 16:8, and 24:0. Note: there is a 10-fold difference in the Y-axis scales of
panels C and D. Points show averages of three determinations on independently replicated cultures;
error bars show standard deviations, often within symbols.

3. Discussion

Alexandrium minutum and A. catenella, which naturally occur in estuarine, coastal,
and oceanic waters [45], represent a wide panel of dinoflagellates in cell size [34] and
have demonstrated cell-size dependencies in growth, photosynthesis, and cell composi-
tions, etc. [17,35-37]. Growth responses to temperatures and photoperiods by these two
Alexandrium species with ~230-fold differences in biovolume were opposite, as well as
dark respiration responses; moreover, the cellular Chl a content of both species was higher
under shorter photoperiods and increased with increasing temperatures (Figure 6). Our
results indicate that A. minutum and A. catenella respond differently to photoperiods across
temperatures, probably with cell size as well as different strains within species.
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Figure 6. Effects of temperature/photoperiod to biochemical and physiological parameters and their relations for A. minutum
(A) and A. catenella (B), with color gradient denoting Pearson’s rank correlation coefficients and edge width showing p value.
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The size of a phytoplankton cell usually varies with environmental variables that
often interrupt the balance between cell division and photosynthesized organic matter
accumulation [39,48]. In this study, no statistical cell-size variation among all combinations
of photoperiod and temperature were observed in both A. minutum and A. catenella, which
may be attributed to their mixotrophy, which can diminish cell-size selection if the resources
of, e.g., nutrients are insufficient [48] through praying on other organisms or organic
detritus [33,49]. To make the data more comparable, the interspecific biochemical and
physiological parameters of these two species were normalized to cell biovolume [11,17].

Both Alexandrium species showed higher cellular Chl a content under shorter photope-
riods. Indeed, phytoplankton cells usually accumulate more Chl a under insufficient light
to optimize their light harvesting capacity [16,17], to support photosynthesis or growth.
Apart from Chl a content, their light harvesting capacities vary with surrounding light
as well [10]. In this study, we used the inverse of Chl a (1/Chl a) as an indicator of
light harvesting capacity per chlorophyll. For A. minutum the 1/Chl a responded linearly
with increasing RubisCO contents among all photoperiod and temperature combinations
(R% =0.54, p < 0.05) (Figure 7A), indicating that the stronger Chl a light harvesting capacity
supports more RubisCO for energy requirements. For A. catenella, however, the 1/Chl a
showed a smooth saturating response to RubisCO (R? = 0.85) (Figure 7B). Moreover, it is
well known that the diel L:D cycle regulates cellular gene transcription [23] and organic
matter production and accumulation [16,19], leading to a strong diel rthythm in cellular
proteins including RubisCO [22], as well as carbohydrates [17]. In this study, cellular
RubisCO contents in both A. minutum and A. catenella, which showed a limited variation
across temperatures, were systematically higher under continuous light than that under
shorter photoperiods, suggesting the influence of photoperiod on the accumulation of
enzymes [20,50]. A higher cellular RubisCO content usually supports a higher growth
rate under continuous L:D 24:0 [51]; this is the case for small A. minutum but not for large
A. catenella. This phenomenon also occurred in diatoms Thalassiosira species, the large cells
of which were found to need a dark period to clear the products of excess light-driven
reactive oxygen stress [16].
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Figure 7. Cell biovolume-based RubisCO content (A,B, fmol pm~3) and antioxidant capability
(C,D, fmol Tolox um—3) versus biovolume-based 1/Chl a [(fg pum—3)~1] for A. minutum (A,C) and
A. catenella (B,D) at L:D cycles of 8:16, 16:8, and 24:0. Bold lines in panels (A,C,D) show pooled linear
regression (R? = 0.42-0.54, p < 0.05) and in panel B shows one phase decay (R? = 0.85); thin dashed
lines show 95% confidence intervals on the fitted curve.
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Maximal PSII photochemical quantum yield (Fy /Fys) is usually used to indicate the
physiological and photosynthetic status of algae. As the photoperiod extended, the Fy /Fy
in small A. minutum reduced just at 28 °C, while that in large A. catenella reduced in all
temperature treatments. Moreover, the Fy /Fy in A. minutum was systematically higher
and decreased less with extended photoperiods, as compared with A. catenella. These
patterns probably show the contribution of higher antioxidant activity in smaller species,
even though package effects in larger cells can screen their photochemical processes from
damage [40,52]. Small A. minutum also showed a lower rapid light curve-derived threshold
for light saturation of electron transport (Ex) and a lower maximum relative electron trans-
port rate (tfETRmax). The lower onset of light saturation in A. minutum may be attributable
to its higher Chl a content, which contributes to the increased light harvesting capacity.
On the other hand, dark respiration generally provides energy requirements for cellular
defense systems, e.g., repairing photoinactivated PSII [19] or maintaining antioxidant pro-
tection [17] as well as fueling cell division [53], through consuming photosynthetic products
from light periods [20]. Consistently, a high respiration rate and high antioxidant ability
are presented in large A. catenella. The antioxidant system-induced scavenges of reactive
oxygen species (ROS) in chloroplasts can relieve the damage of cellular components of, e.g.,
proteins and accelerate the synthesis of PSII core protein D1 thereby raising the repair cycle
of PSII [31] and leading to the higher photosynthetic capacity. This process is proposed
to be energy-costed, indicated by a positive correlation of 1/Chl a and antioxidant ability
(Figure 7C,D). The ROS also inactivates the key enzymes including RubisCO, resulting in
the reduction of carbon fixation [54]. In this case, no direct evidence was observed about
the effects of ROS on RubisCO activity; however, the high RubisCO content together with
high antioxidant capacity are presented under continuous L:D 24:0 in both A. minutum
and A. catenella, supporting the protective function of cellular enzymatic defense systems.
Furthermore, small A. minutum had the lowest dark respiration rate under continuous L:D
24:0, under which they may consume less photosynthetic products and retain more for
growing, thus showing the highest growth rate. In contrary to small A. minutum, large
A. catenella showed the highest respiration rate under L:D 24:0 with the lowest growth rate.
Finally, the antioxidant ability per cell biovolume in A. minutum was about 10-fold higher
than that of A. catenella, indicating a great species-specific difference; and the decrease of
antioxidant capacity of A. catenella with temperature further suggests that the thermal limit
of larger A. catenella is lower, as compared with smaller A. minutum. At present, there is
direct evidence showing that the temperate dinoflagellates species, e.g, Noctiluca scintillans,
have migrated to higher latitudes and even subpolar regions [3]. For Alexandrium species,
there is no direct time-series data showing such a migration in local areas of the East
China Sea; however, the dominating species shifting from diatoms to dinoflagellates has
been examined in the coastal area of the South China Sea [55], as well as more frequent
occurrence of Alexandrium species blooms [49], which may indirectly indicate the effects of
increasing temperatures and possibly photoperiods, in particular in the area of the East
China Sea.

4. Materials and Methods
4.1. Culture Protocol

The temperate coastal red tide dinoflagellates Alexandrium minutum (CCMA-090)
(~40 um?3 in biovolume) and Alexandrium catenella (CCMA-007) (~9300 um?3) were obtained
from the Xiamen University Center for Marine Phytoplankton and semicontinuously
cultured with sterilized /2 medium [56] in 300 mL glass conical bottles under an expected
optimal growth light of 150 pmol photons m~2 s~! [17]. These species were originally
isolated from the East China Sea and produce paralytic shellfish toxins [57]. During
the cultivations, all the bottles were manually shaken 2-3 times a day and arbitrarily
distributed in a growth chamber. Light in the chamber was provided with four fluorescent
tubes (PHILIPS 18W T8 6500K), and the light intensity was measured with a microspherical



Plants 2021, 10, 1056

90f13

quantum sensor (US-SQS, Waltz, Germany) that was submersed in a culture bottle filled
with seawater.

4.2. Experimental Design

To determine the interactive effects of temperature and photoperiod duration, both
Alexandrium species were grown under 18, 22, 25, and 28 °C, in diel light:dark (L:D)
cycles of 8:16, 16:8, and 24:0. Different strains within species might also display different
responses. After the cultures acclimated to growth conditions, the sample from each
treatment was taken at 10:00 a.m. to determine the growth rate, photochemical quantum
yield of Photosystem II (PSII), dark respiration and antioxidant activity, and cellular Chl a
and RubisCO contents as follows.

In this study, three independent cultures were used for each species under each
combination of temperature and photoperiod, and a total of 36 separate semi-continuous
cultures were performed. The light in the chamber was automatically turned on at 08:00
and maintained continuously (24:0 light:dark (L:D) cycle) or turned off at 12:00 (4:20 L:D
cycle), 16:00 (8:16 L:D cycle), or 24:00 (16:8 L:D cycle). These L:D cycles were previously
used in analogous studies on differently cell-sized dinoflagellates [17] or diatoms [11,16,19],
so selecting them makes the results more comparable. The 24:0 L:D cycle, although
not ecophysiologically realistic, was used to compare with common laboratory growth
condition.

4.2.1. Growth Rate

To track the growth of small dinoflagellate A. minutum, the absorbance of culture
was monitored at 680 nm (ODggp) every morning (10:00 am, 2 h after light on) before and
after dilutions with fresh media using an ultraviolet-visible spectrophotometer (SP-752,
Shanghai Spectrum Instrument Co., Ltd, Shanghai, China). To track the growth of larger
A. catenella, duplicate 2 mL cultures were collected at 10:00 a.m. every day, fixed with
Lugel’s solution to a 5% final concentration, and the cells were numerated with a Sedgewick
Rafter chamber under an inverted microscope (TS2, NIKON, Japan).

The specific growth rate (i, d~1) was estimated as:

u(d~!) = (LN(Nt) — LN(No))/(t — to) 1)

where Nt is the ODgg or cell number at time t and NO is the ODggg or cell number at time
0. After at least 12 semicontinuous dilutions with fresh media, the cultures grew through
more than 9 cellular generations under each temperature and photoperiod combination.
To estimate cell volume, the fixed cultures were observed under microscopy and two
perpendicular cell diameters were measured, one along the cingulum (D7) and another
along the sagittal plane (D). The cell volume (V) was calculated using an ellipsoid
model [58] as:
V =47/3 x (D1/2)* x (Dy/2) ()

4.2.2. Maximal PSII Quantum Yield

To obtain the maximal PS II photochemical quantum yield (Fy/Fy), 5 mL culture
from each replicate of each treatment was taken and dispensed into a cuvette and dark-
adapted for 5 min at each growth temperature. Then, the base line fluorescence (Fp) and
dark-adapted maximal fluorescence (Fy) were measured with a portable PAM fluorometer
(PAM WATERED, Walz, Germany), under a saturating white light pulse of ~5300 umol
photons m~2 s~! (800 ms) in the presence of a weak modulated measuring light. After
this, instantaneous fluorescence (F;) and maximal fluorescence (Fy;") were measured at
growth light to obtain the effective PSII quantum yield (®pgp). The Fy /Fy and ®pgyp were
calculated [59,60] as:

Fv/Fum = (Fm — Fo)/Fy; @psti = (Fvm” — Fr) /Py’ 3)



Plants 2021, 10, 1056

10 of 13

At the same time, the rapid light curve (RLC) was measured using the PAM fluorome-
ter under 9 different photosynthetically active photon flux densities (PFD, umol photons
m~2 s71), and each of them were applied for 10 s. The relative electron transport rate
(rETR) was estimated [59] as:

rETR = (Fy’ — F)/Fy’ x 0.5 x PAR ()

where Fy;” and F; represent the maximal and instantaneous fluorescence under each of 9
PFD levels. The photosynthetic parameters of maximum rETR (rETRmax), light-utilization
efficiency (x), and saturating irradiance (Ex) were derived from the RCL curves [61] as:

rETR = rETRmax x (1 — e — (o« x PFD/rETRmax)) 5)
EK = rETRmax/ « (6)

4.2.3. Dark Respiration

A 2 mL sample from each culture bottle was collected and dark-adapted for 300 s
within a chamber with temperature control at growth temperature. The decrease of oxygen
concentration was tracked using a liquid oxygen electrode (Hansatech Instrument Ltd,
Chlorolab 2, UK). The cell volume-based respiration rate was calculated by dividing the
oxygen decline rate by {cells ml~! x cell biovolume}.

4.2.4. Anti-Oxidant Activity

Fifteen mL culture was centrifuged (7000 g) for 5 min; after removing supernatant,
the cell pellet was collected, mixed with 3 mL buffer (pH 8.0) containing 20 mM Tris, 1 mM
EDTA, 10 mM MgCl, 50 mM NaHCO3, and 5 mM f3-mercaptoethanol and ultrasonicated
for 5 min in an ice bath. The homogenized extract was centrifuged (7000x g) again for
10 min, and the total cellular antioxidant activity was measured following the protocol
of the antioxidant activity assay kit (A015-2, Nanjing Jiancheng Biological Engineering
Company, China) [17]. Finally, the antioxidant ability was transformed as the multiples of
Trolox, a vitamin E-like material.

4.2.5. Cellular Composition

To measure Chl a content, duplicate 10 mL culture was centrifuged (7000 g) for 5 min
to get cell pellets. After discarding the supernatant, 3 mL of 90% acetone (v/v) saturated
with magnesium carbonate was added and extracted overnight at 4 °C in the dark. After
centrifugation (7000 x g, 5 min) again, the absorbance of the supernatant at 664, 630, and
750 nm was measured using the photospectrometer. The Chl a was estimated following
Jeffrey and Humphrey [62]:

[Chla] =11.47 X (Aees — A750) — 0.4 X (Agz0 — Azs0)

To measure the RubisCO content, 15 mL culture was collected, centrifuged (7000x g,
5 min) to get a cell pellet, and mixed with 5 mL buffer (pH 8.0, see above) and ultrasonicated
for 5 min in an ice bath. After centrifugation (7000 g, 5 min) again, the supernatant was
used to measure RubisCO with an enzyme-linked immunosorbent assay kit (CUSABIO
CSB-E16686P1 Quant Kit) [63].

4.3. Data Analysis

Data were presented as mean and standard deviations (mean =+ SD). Paired t-tests, one-
way ANOVA with Bonferroni post-tests (Prism 5, Graphpad Software), and comparisons
of linear curve fit were used to detect significant differences among cultures of each diel
L:D cycle and temperature combination for each species. The confidence level for statistical
tests was set at 0.05.
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5. Conclusions

Large differences were observed in growth and physiological responses of differently
cell-sized Alexandrium species to a matrix of photoperiods and temperatures. Small A. min-
utum grew faster under continuous growth light, while large A. catenella grew faster under
short photoperiods. Shortened photoperiods enhanced cellular Chl 2 content and photosyn-
thetic capacity, but reduced RubisCO content and antioxidant activity. The optimal growth
temperature of A. minutum was higher than that of A. catenella. Our results complement
others [3,17] to show that the niches shift may alter Alexandrium species compositions in
particular in the East China Sea, because different taxa show differential, even opposite,
growth responses to photoperiod and temperature changes, as well as different responses
of different strains within species.

Author Contributions: All authors contributed to the study conception and design. Material prepara-
tion and data collection and analysis were performed by P.L., Q.M., S.X., W.L., Z.M. and G.N. The first
draft of the manuscript was written by P.L. and G.N. All authors commented on previous versions of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Key Special Project for Introduced Talents Team of
Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0606
for PL), the National Natural Science Foundation (31971498 for GN), and the Science and Technology
Research Program of Guangdong Province (2020A1414010195 for PL, and 2019B121202001 for GN).

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

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Fischetti, M. Deep heat threatens marine life. Sci. Am. 2013, 308, 92. [CrossRef]

2. Gattuso, J.-P; Magnan, A; Billé, R.; Cheung, WW.L.; Howes, E.L.; Joos, F; Allemand, D.; Bopp, L.; Cooley, S.R.; Eakin, C.M.;
et al. Contrasting futures for ocean and society from different anthropogenic CO, emissions scenarios. Science 2015, 349, aac4722.
[CrossRef] [PubMed]

3.  Hallegraeff, G.M. Ocean climate change, phytoplankton community responses, and harmful algal blooms: A formidable predictive
challenge. J. Phycol. 2010, 46, 220-235. [CrossRef]

4. Thomas, M.K,; Kremer, C.T.; Klausmeier, C.A.; Litchman, E. A global pattern of thermal adaptation in marine phytoplankton.
Science 2012, 338, 1085-1088. [CrossRef]

5. Hutchins, D.A.; Fu, F. Microorganisms and ocean global change. Nat. Microbiol. 2017, 2, 17058. [CrossRef]

6. Jin, P; Agusti, S. Fast adaptation of tropical diatoms to increased warming with trade-offs. Sci. Rep. 2018, 8, 17771. [CrossRef]
[PubMed]

7. Young, ].N.; Goldman, J].A.L.; Kranz, S.A.; Tortell, P.D.; Morel, EM.M. Slow carboxylation of RubisCO constrains the maximum
rate of carbon fixation during Antarctic phytoplankton blooms. New Phytol. 2015, 205, 172-181. [CrossRef]

8.  Kranz, S.A.; Young, ].N.; Hopkinson, B.M.; Goldman, J.A.L.; Tortell, P.D.; Morel, EM.M. Low temperature reduces the energetic
requirement for the CO; concentrating mechanism in diatoms. New Phytol. 2015, 205, 192-201. [CrossRef]

9.  Tilze, M.M,; Dubinsky, Z. Effects of temperature and day length on the mass balance of Antarctic phytoplankton. Polar Biol. 1998,
77,35-42.

10. Xu, G; Liu, J.; Song, X.; Tan, M.; Ren, H.; Li, D.; Tan, Y.; Huang, L.; Li, G. Diel rhythm in photosynthetic performance of
phytoplankton assemblages is predicted to be light-dependent from in situ and mesocosm chlorophyll fluorescence. J. Coast. Res.
2020, 104, 445-454. [CrossRef]

11. Xu, G;; Liy, J.; Chen, B,; Li, G. Photoperiod mediates the differential physiological responses of smaller Thalassiosira pseudonana
and larger Thalassiosira punctigera to temperature changes. J. Appl. Phycol. 2020, 32, 2863-2874. [CrossRef]

12.  Rost, B.; Wegener, A.L.; Riebesell, U,; Stiltemeyer, D.F. Carbon acquisition of marine phytoplankton: Effect of photoperiod length.
Limnol. Oceanogr. 2006, 51, 12-20. [CrossRef]

13. Carneiro, R.L.; Dos Santos, M.E.V.; Pacheco, A.B.E; Azevedo, SM.ED.E. Effects of light intensity and light quality on growth and
circadian rhythm of saxitoxins production in Cylindrospermopsis raciborskii (Cyanobacteria). J. Plankton Res. 2009, 31, 481-488.
[CrossRef]

14. Prézelin, B.B. Diel periodicity in phytoplankton productivity. Hydrobiologia 1992, 238, 1-35. [CrossRef]


http://doi.org/10.1038/scientificamerican0413-92
http://doi.org/10.1126/science.aac4722
http://www.ncbi.nlm.nih.gov/pubmed/26138982
http://doi.org/10.1111/j.1529-8817.2010.00815.x
http://doi.org/10.1126/science.1224836
http://doi.org/10.1038/nmicrobiol.2017.58
http://doi.org/10.1038/s41598-018-36091-y
http://www.ncbi.nlm.nih.gov/pubmed/30538260
http://doi.org/10.1111/nph.13021
http://doi.org/10.1111/nph.12976
http://doi.org/10.2112/JCR-SI104-080.1
http://doi.org/10.1007/s10811-020-02149-6
http://doi.org/10.4319/lo.2006.51.1.0012
http://doi.org/10.1093/plankt/fbp006
http://doi.org/10.1007/BF00048771

Plants 2021, 10, 1056 12 0f 13

15.

16.

17.

18.

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.

Xie, Y.; Laws, E.A,; Yang, L.; Li, Q.-P.; Huang, B. Diel patterns of variable fluorescence and carbon fixation of picocyanobacteria
Prochlorococcus-dominated phytoplankton in the South China Sea basin. Front. Microbiol. 2018, 9, 1589. [CrossRef] [PubMed]
Li, G.; Talmy, D.; Campbell, D.A. Diatom growth responses to photoperiod and light are predictable from diel reductant
generation. J. Phycol. 2017, 53, 95-107. [CrossRef]

Wang, H.; Zhang, B.; Song, X.; Jian, X.; Tang, C.; Campbell, D.A ; Li, G. High antioxidant capability interacts with respiration
to mediate two Alexandrium species growth exploitation of photoperiods and light intensities. Harmful Algae 2019, 82, 26-34.
[CrossRef]

Li, G.; Wu, Y;; Gao, K. Effects of typhoon Kaemi on coastal phytoplankton assemblages in the South China Sea, with special
reference to the effects of solar UV radiation. J. Geophys. Res. 2009, 114, G04029. [CrossRef]

Li, G.; Woroch, A.D.; Donaher, N.A.; Cockshutt, A.M.; Campbell, D.A. A Hard day’s night: Diatoms continue recycling
photosystem II in the dark. Front. Mar. Sci. 2016, 3, 218. [CrossRef]

Talmy, D.; Blackford, ].; Hardman-Mountford, N.J.; Polimene, L.; Follows, M.].; Geider, R.]. Flexible C:N ratio enhances metabolism
of large phytoplankton when resource supply is intermittent. Biogeosciences 2014, 11, 4881-4895. [CrossRef]

Mayfield, A.B.; Hsiao, Y.-Y.; Chen, H.-K; Chen, C.-S. RubisCO expression in the dinoflagellate Symbiodinium sp. Is influenced by
both photoperiod and endosymbiotic lifestyle. Mar. Biotechnol. 2014, 16, 371-384. [CrossRef]

Paul, ].H.; Kang, ].B.; Tabita, F.R. Diel patterns of regulation of rbcL transcription in a cyanobacterium and a prymnesiophyte.
Mar. Biotechnol. 2000, 2, 429-436. [CrossRef]

Shi, X; Li, L.; Guo, C.; Lin, X.; Li, M,; Lin, S. Rhodopsin gene expression regulated by the light dark cycle, light spectrum and
light intensity in the dinoflagellate Prorocentrum. Front. Microbiol. 2015, 6, 555. [CrossRef]

Garcés, E.; Delgado, M.; Maso, M.; Camp, J. Life history and in situ growth rates of Alexandrium taylori (Dinophyceae, Pyrrhophyta).
J. Phycol. 1998, 34, 880-887. [CrossRef]

Sullivan, J.M.; Swift, E.; Donaghay, P.L.; Rines, J.E.B. Small-Scale turbulence affects the division rate and morphology of two
red-tide dinoflagellates. Harmful Algae 2003, 2, 183-199. [CrossRef]

Anderson, D.M. Bloom dynamics of toxic Alexandrium species in the northeastern U.S. Limnol. Oceanogr. 1997, 42, 1009-1022.
[CrossRef]

Tsakalakis, I.; Pahlow, M.; Oschlies, A.; Blasius, B.; Ryabov, A.B. Diel light cycle as a key factor for modelling phytoplankton
biogeography and diversity. Ecol. Model 2018, 384, 241-248. [CrossRef]

Shatwell, T.; Kohler, J.; Nicklisch, A. Temperature and photoperiod interactions with phosphorus-limited growth and competition
of two diatoms. PLoS ONE 2014, 9, €102367. [CrossRef]

Shatwell, T.; Kohler, J.; Nicklisch, A. Temperature and photoperiod interactions with silicon-limited growth and competition of
two diatoms. |. Plankton Res. 2013, 35, 957-971. [CrossRef]

Shatwell, T.; Nicklisch, A.; Kohler, . Temperature and photoperiod effects on phytoplankton growing under simulated mixed
layer light fluctuations. Limnol. Oceanogr. 2012, 57, 541-553. [CrossRef]

Nicklisch, A.; Shatwell, T.; Kohler, J. Analysis and modelling of the interactive effects of temperature and light on phytoplankton
growth and relevance for the spring bloom. J. Plankton Res. 2008, 30, 75-91. [CrossRef]

Guiry, M.D. How many species of algae are there? J. Phycol. 2002, 48, 1057-1063. [CrossRef] [PubMed]

Jeong, H.J.; Yoo, Y.D.; Kim, ].S.; Seong, K.A.; Kang, N.S.; Kim, T.H. Growth, feeding and ecological roles of the mixotrophic and
heterotrophic dinoflagellates in marine planktonic food webs. Ocean Sci. . 2010, 45, 65-91. [CrossRef]

Finkel, Z.V.; Beardall, J.; Flynn, K.J.; Quigg, A.; Rees, T.A.V.; Raven, J.A. Phytoplankton in a changing world: Cell size and
elemental stoichiometry. J. Plankton Res. 2010, 32, 119-137. [CrossRef]

Chan, A.T. Comparative physiological study of marine diatoms and dinoflagellates in relation to irradiance and cell size. I.
Growth under continuous light. . Phycol. 1978, 14, 396—402. [CrossRef]

Chan, A.T. Comparative physiological study of marine diatoms and dinoflagellates in relation to irradiance and cell size. II.
Relationship between photosynthesis, growth, and carbon/chlorophyll a ratio. J. Phycol. 1980, 16, 428-432. [CrossRef]
Marafion, E.; Cermefio, P.; Lopez-Sandoval, D.C.; Rodriguez-Ramos, T.; Sobrino, C.; Huete-Ortega, M.; Blanco, ].M.; Rodriguez, J.
Unimodal size scaling of phytoplankton growth and the size dependence of nutrient uptake and use. Ecol. Lett. 2013, 16, 371-379.
[CrossRef]

Marafion, E.; Cermeno, P.; Rodriquez, J.; Zubkov, M.V.; Harris, R.P. Scaling of phytoplankton photosynthesis and cell size in the
ocean. Limnol. Oceanogr. 2007, 52, 2190-2198. [CrossRef]

Raven, J.A ; Kiibler, J.E. New light on the scaling of metabolic rate with the size of algae. J. Phycol. 2002, 38, 11-16. [CrossRef]
Key, T.; McCarthy, A.; Campbell, D.A.; Six, C.; Roy, S.; Finkel, Z.V. Cell size trade-offs govern light exploitation strategies in
marine phytoplankton. Environ. Microbiol. 2010, 12, 95-104. [CrossRef]

Ross, O.N.; Geider, R.J. New cell-based model of photosynthesis and photo-acclimation: Accumulation and mobilization of
energy reserves in phytoplankton. Mar. Ecol. Prog. Ser. 2009, 383, 53-71. [CrossRef]

Suggett, D.; MacIntyre, H.; Kana, T.; Geider, R. Comparing electron transport with gas exchange: Parameterising exchange rates
between alternative photosynthetic currencies for eukaryotic phytoplankton. Aquat. Microbiol. Ecol. 2009, 56, 147-162. [CrossRef]
Halsey, K.H.; O’'Malley, R.T.; Graff, ].R.; Milligan, A.J.; Behrenfeld, M.]. A common partitioning strategy for photosynthetic
products in evolutionarily distinct phytoplankton species. New Phytol. 2013, 198, 1030-1038. [CrossRef]


http://doi.org/10.3389/fmicb.2018.01589
http://www.ncbi.nlm.nih.gov/pubmed/30116223
http://doi.org/10.1111/jpy.12483
http://doi.org/10.1016/j.hal.2018.12.008
http://doi.org/10.1029/2008JG000896
http://doi.org/10.3389/fmars.2016.00218
http://doi.org/10.5194/bg-11-4881-2014
http://doi.org/10.1007/s10126-014-9558-z
http://doi.org/10.1007/s101260000016
http://doi.org/10.3389/fmicb.2015.00555
http://doi.org/10.1046/j.1529-8817.1998.340880.x
http://doi.org/10.1016/S1568-9883(03)00039-8
http://doi.org/10.4319/lo.1997.42.5_part_2.1009
http://doi.org/10.1016/j.ecolmodel.2018.06.022
http://doi.org/10.1371/journal.pone.0102367
http://doi.org/10.1093/plankt/fbt058
http://doi.org/10.4319/lo.2012.57.2.0541
http://doi.org/10.1093/plankt/fbm099
http://doi.org/10.1111/j.1529-8817.2012.01222.x
http://www.ncbi.nlm.nih.gov/pubmed/27011267
http://doi.org/10.1007/s12601-010-0007-2
http://doi.org/10.1093/plankt/fbp098
http://doi.org/10.1111/j.1529-8817.1978.tb02458.x
http://doi.org/10.1111/j.1529-8817.1980.tb03056.x
http://doi.org/10.1111/ele.12052
http://doi.org/10.4319/lo.2007.52.5.2190
http://doi.org/10.1046/j.1529-8817.2002.01125.x
http://doi.org/10.1111/j.1462-2920.2009.02046.x
http://doi.org/10.3354/meps07961
http://doi.org/10.3354/ame01303
http://doi.org/10.1111/nph.12209

Plants 2021, 10, 1056 13 0f 13

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lilly, E.L.; Halanych, K.M.; Anderson, D.M. Species boundaries and global biogeography of the Alexandrium tamarense complex
(Dinophyceae). J. Phycol. 2007, 43, 1329-1338. [CrossRef]

Anderson, D.M.; Alperm, T.J.; Cembella, A.D.; Collos, Y.; Masseret, E.; Montresor, M. The globally distributed genus Alexandrium:
Multifaceted roles in marine ecosystems and impacts on human health. Harmful Algae 2012, 14, 10-35. [CrossRef]

Balech, E. The Genus Alexandrium Halim (Dinoflagellata); Sherkin Island Marine Station, Sherkin Island, Co.: Cork, Ireland, 1995.
Mardones, ].I.; Dorantes-Aranda, J.J.; Nichols, P.D.; Hallegraeff, G. Fish gill damage by the dinoflagellate Alexandrium catenella
from Chilean fjords: Synergistic action of ROS and PUFA. Harmful Algae 2015, 49, 40-49. [CrossRef]

Barton, A.D.; Finkel, Z.V.; Ward, B.A.; Johns, D.G.; Follows, M.]J. On the roles of cell size and trophic strategy in North Atlantic
diatom and dinoflagellate communities. Limnol. Oceanogr. 2013, 58, 254-266. [CrossRef]

Zhang, Q.; Song, J.; Yu, R,; Yan, T.; Wang, Y.; Kong, K.; Zhou, M. Roles of mixotrophy in blooms of different dinoflagellates:
Implications from the growth experiment. Harmful Algae 2013, 30, 10-26. [CrossRef]

Granum, E.; Kirkvold, S.; Myklestad, S.M. Cellular and extracellular production of carbohydrates and amino acids by the marine
diatom Skeletonema costatum: Diel variations and effects of N depletion. Mar. Ecol. Prog. Ser. 2002, 242, 83-94. [CrossRef]

Li, G.; Campbell, D.A. Interactive effects of nitrogen and light on growth rates and RUBISCO content of small and large centric
diatoms. Photosynth. Res. 2017, 131, 93-103. [CrossRef] [PubMed]

Malerba, M.E.; Palacios, M.M.; Delgado, YM.P.; Beardall, J.; Marshall, D.]. Cell size, photosynthesis and the package effect: An
artificial selection approach. New Phytol. 2018, 219, 449-461. [CrossRef]

Brand, L.E.; Guillard, R.R.L. The effects of continuous light and light intensity on the reproduction rates of twenty-two species of
marine phytoplankton. J. Exp. Mar. Biol. Ecol. 1981, 50, 119-132. [CrossRef]

Pérez-Pérez, M.E.; Lemaire, S.D.; Crespo, ].L. Reactive oxygen species and autophagy in plants and algae. Plant Physiol. 2012, 160,
156-164. [CrossRef] [PubMed]

Li, T; Liu, S.; Huang, L.; Huang, H.; Lian, J.; Yan, Y.; Lin, S.-J. Diatom to dinoflagellate shift in the summer phytoplankton
community in a bay impacted by nuclear power plant thermal effluent. Mar. Ecol. Prog. Ser. 2011, 424, 75-85. [CrossRef]
Guillard, R.R.L.; Ryther, ].H. Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and Detonula confervacea (Cleve).
Can. J. Microbiol. 1962, 8, 229-239. [CrossRef]

Chen, Y,; Yan, T,; Tan, Z.; Wang, L.; Zhou, M. Toxicity of four dinoflagellates Alexandrium species. Oceanol. Limnol. Sin. 2007, 38,
56-61.

Sun, J.; Liu, D.; Qian, S. Study on phytoplankton biomass: Phytoplankton measurement biomass from cell volume or plasma
volume. Acta Oceanol. Sin. 1999, 21, 75-85.

Genty, B.E.; Briantais, ].M.; Baker, N.R. Relative quantum efficiencies of the two photosystems of leaves in photorespiratory and
non-photorespiratory conditions. Plant Physiol. Biochem. 1989, 28, 1-10.

Van Kooten, O.; Snel, ].EH. The use of chlorophyll fluorescence nomenclature in plant stress physiology. Photosynth. Res. 1990, 25,
147-150. [CrossRef]

Platt, T.; Gallegos, C.L.; Harrison, W.G. Photoinhibition of photosynthesis in natural assemblages of marine phytoplankton. J.
Mar. Res. 1980, 38, 687-701.

Jeffrey, S.; Humphrey, G. New spectrophotometric equations for determining chlorophylls al, b1, c1 and c2 in higher plants, algae
and natural phytoplankton. Biochem. Physiol. Pflanz. 1975, 167, 191-194. [CrossRef]

Sharkey, T.D.; Savitch, L.V.; Butz, N.B. Photometric method for routine determination of kcat and carbamylation of RubisCO.
Photosynth. Res. 1991, 28, 41-48. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1529-8817.2007.00420.x
http://doi.org/10.1016/j.hal.2011.10.012
http://doi.org/10.1016/j.hal.2015.09.001
http://doi.org/10.4319/lo.2013.58.1.0254
http://doi.org/10.1016/j.hal.2013.08.003
http://doi.org/10.3354/meps242083
http://doi.org/10.1007/s11120-016-0301-7
http://www.ncbi.nlm.nih.gov/pubmed/27566625
http://doi.org/10.1111/nph.15163
http://doi.org/10.1016/0022-0981(81)90045-9
http://doi.org/10.1104/pp.112.199992
http://www.ncbi.nlm.nih.gov/pubmed/22744983
http://doi.org/10.3354/meps08974
http://doi.org/10.1139/m62-029
http://doi.org/10.1007/BF00033156
http://doi.org/10.1016/S0015-3796(17)30778-3
http://doi.org/10.1007/BF00027175
http://www.ncbi.nlm.nih.gov/pubmed/24414797

	Introduction 
	Results 
	Growth Rate 
	Cell Compositions 
	Chlorophyll Fluorescence 
	Dark Respiration and Antioxidant Activity 

	Discussion 
	Materials and Methods 
	Culture Protocol 
	Experimental Design 
	Growth Rate 
	Maximal PSII Quantum Yield 
	Dark Respiration 
	Anti-Oxidant Activity 
	Cellular Composition 

	Data Analysis 

	Conclusions 
	References

