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ARTICLE INFO ABSTRACT

A classical red tide alga Skeletonema costatum was cultured under various nitrate levels to investigate its phy-
siological response to nitrate enrichment combined with CO, limitation. The higher nitrate levels increased
content of photosynthetic pigments (Chl a and Chl c), electron transport rate in photosystem II, photosynthetic
O, evolution, and thus growth rate in S. costatum. On the other hand, the lower CO, levels (3.5-4.4 umol kg~ 1
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;hgtosyn:pgstyw seawater) and higher pH (8.56-8.63) values in seawater were observed under higher nitrate conditions. Redox
edox activi . e . :
Respiration activity of plasma membrane and carbonic anhydrase in S. costatum was enhanced to address the reduced CO,

level at higher nitrate levels. In addition, the pH compensation point was enhanced and direct HCO3; ™~ use was
induced at higher nitrate levels. These findings indicate that nitrate enrichment would stimulate the breakout of
S. costatum dominated red tides via enhancing its photosynthetic performances, and maintain a quick growth
rate under CO, limitation conditions through improving its inorganic carbon acquisition capability. Our study

sheds light on the mechanisms of S. costatum defeating CO, limitation during algal bloom.

1. Introduction

Diatoms is the most abundant and diverse group of phytoplanktonic
eukaryote species (Simon et al., 2009). Marine diatoms contribute to
approximately 20% of global primary production and 75% of the pri-
mary productivity for coastal and other nutrient-rich zones (Nelson
et al., 1995; Field et al., 1998; Falkowski, 2012), hence playing a vital
role in marine biological pump and regulating global climate change
(Young and Morel, 2015). Although the concentration of dissolved in-
organic carbon (DIC) is relative high (approximately 2 mmol L™) in
seawater, CO, usually accounts for less than 1% of it, with the pre-
dominant form of HCO3 ™. This suggests CO, concentration in the sea-
water is far from saturating (> 50 uM) for diatoms’ ribulose-1,5-bi-
sphosphate carboxylase/oxygenase (Rubisco), the CO,-fixing enzyme in
the Calvin-Benson cycle (Hopkinson and Morel, 2011). To deal with the
CO,, limitation in seawater and maintain a high photosynthetic rate
under changing carbon chemistry environments, diatoms have devel-
oped multiple inorganic carbon acquisition pathways, such as nu-
merous carbonic anhydrases, active transport of HCO3 ™, unconven-
tional C4 pathways, etc. (Hopkinson and Morel, 2011; Hopkinson et al.,
2016).

Previous studies demonstrate that diatoms are generally more
common in nutrient-rich systems (Irwin et al., 2012; Barton et al., 2015,
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2016), and can often dominate the phytoplankton communities and
form large-scale blooms in well-mixed coastal and upwelling regions
(Bruland et al., 2001; Anderson et al., 2008). Although the occurrence
of diatom blooms could be regulated by multiple environmental factors,
such as water temperature, light irradiance, and salinity, a direct con-
nection between spreading coastal eutrophication and the worldwide
algal bloom is compelling (Smetacek and Zingone, 2013; Jeong et al.,
2015). When inorganic nutrient loads are high, diatoms usually have a
quicker growth rate and out-compete other bloom algae, such as di-
noflagellates, raphidophytes and chrysophytes (Berg et al., 1997;
Macintyre et al., 2004; Hu et al., 2011; Jeong et al., 2015; Barton et al.,
2016).

Nitrogen is an essential nutrient for all organisms in terms of the
biosynthesis of macromolecules, such as proteins, nucleic acids, and
chlorophyll. Due to low availability, nitrogen is commonly considered
as a major nutrient in limiting primary production in the worldwide
oceans (Elser et al., 2007; Miiller and Mitrovic, 2015). Extensive studies
have been carried out to investigate the effect of nitrate on nitrogen
uptake, utilization (Serra, 1978; Cochlan et al., 2008; Jauffrais et al.,
2016), and nitrogen metabolism in diatoms (Allen et al., 2005, 2011;
Brown et al., 2009; Kamp et al., 2016). However, little is known the
effect of nitrate on inorganic carbon acquisition in diatoms, particularly
under CO,, limitation conditions.
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S. costatum is a cosmopolitan diatom species that can be found in
both coastal and open ocean areas. In coastal waters and estuaries
where eutrophication can often occur, S. costatum is usually the most
abundant algal species and dominate large-scale algal blooms (Wang,
2002; Li et al., 2011), influencing the biogeochemical cycling of carbon,
silicon, and nitrogen, as well as ecosystem structure. Compared to other
algae, S. costatum may experience more severe CO, limitation when
bloom occurs. Accordingly, it has evolved multiple inorganic acquisi-
tion pathways and efficient CCMs (Nimer et al., 1998; Rost et al., 2003;
Chen and Gao, 2004a). Nimer et al. (1998) found that extracellular
carbonic anhydrase activity in S. costatum was induced when CO,
concentration was less than 5 umol L™! and the induced CA could
ensure that the photosynthetic carbon fixation was not affected by the
decreasing CO, concentration. Rost et al. (2003) reported that activity
of extracellular CA increased with decreasing pCO, (1800 —36 patm)
and S. costatum could take up both CO, and HCO3; ™~ for photosynthesis
and half saturation concentrations (K; ) of DIC for photosynthetic O,
evolution declined with decreasing CO5 concentration. On the other
hand, Chen and Gao (2004a) demonstrated that this alga had poor
capacity for direct HCO3; ™ utilization and photosynthetic CO, affinity
was regulated by the concentration of CO, rather than total dissolved
inorganic carbon (DIC), HCO3; ™, or C032’.

Until now, most studies regarding inorganic carbon acquisition in S.
costatum focus on its response to changes of CO, level. In regard to
nitrate, it has been reported that nitrate enrichment could enhance the
photosynthetic rate and growth in S. costatum (Smith et al., 1992; Liu
et al., 2012), which may be attributed to the increased mRNA content of
Rubisco (Liu et al., 2012) and nitrogen assimilation (Smith et al., 1992).
However, the effect of nitrate enrichment on S. costatum's photo-
synthetic performances, particularly inorganic carbon acquisition,
under CO, limitation conditions, remains unclear. Based on the con-
nections between nitrogen and carbon metabolisms in microalgae
(Guerra et al., 2013; Fields et al., 2014), we hypothesize that nitrate
enrichment could improve the capacity of inorganic carbon utilization
and hence maintain high rates of photosynthesis and growth in S.
costatum under CO,, limitation conditions. In this study, we investigated
the variation of inorganic acquisition pathways, photosynthetic CO,
affinity, carbonic anhydrase activity, redox activity of plasma mem-
brane, photosynthetic rate, and growth under various nitrate and CO,
conditions to test this hypothesis. Our study would shed light on the
potential mechanism that how bloom-forming diatoms maintain quick
growth under CO, limitation conditions during red tides.

2. Materials and methods
2.1. Culture conditions

S. costatum (Grev.) Cleve from Jinan University, China, was cultured
in 400 mL of artificial seawater enriched with /2 medium free of ni-
trate at 20 °C for seven days and the initial cell concentration was
3.7 x 10* mL ™. Five nitrate levels (1, 5, 25, 100, 200 pmol L™ !) were
set in the artificial seawater by adding different amounts of NaNOs. The
nitrate concentrations in seawater were monitored daily by a spectro-
photometer method (Collos et al., 1999). Batch cultures were con-
ducted to mimic the process of red tides, cell concentration increasing
and nutrient decreasing with time. The cultures were bubbled with
ambient air at a rate of 100 mL min ™! to mimic the seawater mixing in
the field. The light intensity was 200 umol m~2 s~ ! with a photoperiod
of 12L: 12D. The light intensity of 200 umol m~2 s~ ! is saturated for S.
costatum's growth based on a preliminary experiment and also com-
parable to the literature on S. costatum's inorganic carbon acquisition
(Nimer et al., 1998; Chen and Gao, 2004a). The cells were collected
during the exponential growth phase to conduct the following experi-
ments. All experiments were conducted in triplicates.
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2.2. Carbonate chemistry

The seawater pH was monitored with a pH meter (pH 700, Eutech
Instruments, Singapore) and the total alkalinity (TA) was measured by
titrations at 5:00 p.m. every day. The other carbonate system para-
meters, which were not directly measured, were calculated via CO2SYS
(Pierrot et al., 2006), using the equilibrium constants of K1 and K2 for
carbonic acid dissociation (Roy et al., 1993) and the KSO,~ dissociation
constant from Dickson (1990).

2.3. Growth estimation

Cell density was determined at 5:30 p.m. daily by direct counting
with an improved Neubauer haemocytometer (XB-K-25, Qiu Jing,
Shanghai, China). Specific growth rate (SGR) was determined from the
changes in the cell density over the culture period as:

SGR = In (Dy/Dy.1) (th—tha) ™ !

where D, and D, ; represent the cell densities at time t, and t,;, re-
spectively.

2.4. Chlorophyll fluorescence measurement

The relative ETR (rfETR) was measured using a pulse modulation
fluorometer (PAM-2100, Walz, Germany). The measuring light and
actinic light were 0.01 and 200 umol photons m~2 s, respectively.
The saturating pulse was set 4000 pmol photons m ™2 s~ ! (0.8 s). rETR
(umol e~ m~2sY) = (F, — F)/F, X 0.5 x PFD, photochemical
quenching (qp) = (Fn’ — F)/(F’ — F,), non-photochemical quenching
(qn) = (Fn — Fu)/(Fn — E), where F,;’ and F,, are the maximal
fluorescence levels from algae after in light and dark adaptation
(10 min), respectively. F, is the fluorescence at an excitation level.
Modulated (4 Hz) blue light and far-red light measuring beams were
used to measure Fy and Fy’, respectively. PFD is the actinic light density.

2.5. Estimation of photosynthetic oxygen evolution

The net photosynthetic rate of S. costatum was measured by a Clark-
type oxygen electrode (YSI Model 5300, USA) that was held in a cir-
culating water bath (Cooling Circulator; Cole Parmer, Chicago, IL, USA)
to keep the target temperature. Five mL of samples were transferred to
the oxygen electrode cuvette and were stirred during measurement. The
light intensity and temperature were maintained as the same as that in
the growth condition. The illumination was provided by a halogen
lamp. The increase of oxygen content in seawater within five minutes
was defined as net photosynthetic rate. To measure dark respiration
rate, the samples were placed in darkness and the decrease of oxygen
content within ten minutes was defined as dark respiration rate. Net
photosynthetic rate and dark respiration rate were presented as pumol
05 (10% cells) "t h™ L.

To obtain the curve of net photosynthetic rate versus DIC, seven
levels of DIC (0, 0.1, 0.2, 0.5, 1, 2, and 3 mM) were prepared by adding
different amounts of NaHCO3 to the Tris buffered DIC-free seawater.
DIC was removed from the natural seawater by reducing pH to ap-
proximately 3.0 with the addition of 1.0 M HCl and sparging for 2 h
with pure N, gas (99.999%). Finally, Tris buffer (25 mM) was added
and the pH was adjusted to 8.2 with freshly prepared 1 M NaOH and
1 M HCL. The algal samples were washed twice with DIC-free seawater
before transferring to the various DIC solutions. Photosynthetic rates at
different DIC levels were measured under saturating irradiance of
400 pmol photons m~2 s~ ! and growth temperature. The algal samples
were allowed to equilibrate for 2-3 min at each DIC level during which
period a linear change in oxygen concentration was obtained and re-
corded. The parameters, maximum photosynthetic rate (Vi,ay), and the
half saturation constant (Ko s, i.e., the DIC concentration required to
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Culture period (d)

give half of Ci-saturated maximum rate of photosynthetic O, evolution),
were calculated from the Michaelis-Menten kinetics equation: V
Vimax X [S1/(Ko.5 + [S]), where V is the photosynthetic rate and [S] is
the DIC concentration.

2.6. Measurement of photosynthetic pigment

To determine the photosynthetic pigment (Chl a and Chl c) content,
50 mL of culture were filtered on a Whatman GF/F filter, extracted in
5 mL of 90% acetone for 12 h at 4 °C, and centrifuged (3, 000 g, 5 min).
The optical density of the supernatant was scanned from 200 to 700 nm
with a UV-VIS spectrophotometer (Shimadzu UV-1800, Kyoto, Japan).
The concentrations of Chl a and Chl ¢ were calculated based on the
optical density at 630 and 664 nm: Chl a 11.47 X ODggy —
0.40 X ODgs0, Chl ¢ = 24.36 X ODgzo — 3.73 X ODgga.

2.7. Measurement of extracellular carbonic anhydrase activity

CA activity was assayed using the electrometric method of Gao et al.
(2009). Cells were harvested by centrifugation at 4, 000 g for 5 min at
20 °C, washed once and resuspended in 8 mL Na-barbital buffer
(20 mM, pH 8.2). Five mL CO,-saturated icy pure was injected into the
cell suspension, and the time required for a pH decrease from 8.2 to
7.2 at 4 °C was recorded. Extracellular and total CA activities were
measured using intact cells and homogenized crude extracts, respec-
tively. Intracellular CA activity (CAint) was determined as the differ-
ence between the total and extracellular CA activities (CAext). CA ac-
tivity (E.U.) was calculated wusing the following formula:
E.U. = 10 X (To/T — 1), where T, and T represent the time required
for the pH change in the absence or presence of the samples, respec-
tively.

2.8. Measurement of redox activity in the plasma membrane

The redox activity of plasma membrane was assayed by incubating
the cells with 500 pmol ferricyanide [K3Fe(CN)g] that cannot penetrate
intact cells and has been used as an external electron acceptor (Nimer
et al., 1998). Stock solutions of K3Fe(CN)¢ were freshly prepared before
use. 5 mL of samples were taken from each nitrate treatment after 2 h of
incubation with K3Fe(CN)¢ and centrifuged at 4000 g for 10 min
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(20 °C). The absorbance of supernatant at 420 nm was measured im-
mediately to assess the concentration of K3Fe(CN)g and the difference
between initial and final concentrations were used to calculate the rate
of exofacial ferricyanide reduction (Nimer et al., 1998).

2.9. pH drift experiment

To obtain the pH compensation point, the cells were transferred to
sealed glass vials containing fresh medium (pH 8.2) with corresponding
nitrate levels. The cell concentration for all treatments was
3 x 10° mL™ . The pH drift of the suspension was monitored at 20 °C
and 200 pmol photons m~2s ~! light level. The pH compensation point
was obtained when there was no a further increase in pH (Chen and
Gao, 2004a). After the last pH measurement, the algal sample was re-
moved and the pH and alkalinity were measured after re-equilibration
with air to determine how much of the observed pH increase was
caused by net withdrawal of CO, during carboxylation catalysed by
Rubisco.

2.10. Statistical analysis

+

The results were expressed as means of replicates standard de-
viation. Data were analyzed using the software SPSS v.21. The data
from each treatment conformed to a normal distribution (Shapiro-Wilk,
P > 0.05) and the variances could be considered equal (Levene's test,
P > 0.05). Repeated measures ANOVAs were conducted to analyze the
changes of cell density, nitrate concentration, pH and CO, concentra-
tion with culture time, the effects of DIC on net photosynthetic rate, and
the effect of incubation time on media pH in a closed system. Bonferroni
was conducted for post hoc investigation. One-way ANOVAs were con-
ducted to assess the significant differences in specific growth rate, rETR,
gp, qQn, Det photosynthetic rate, dark respiration rate, Chl a, Chl c,
Vinax>0.5» CAexts CAine, reduction rate of ferricyanide, and pH compen-
sation point among nitrate concentrations. Tukey HSD was conducted
for post hoc investigation. Multivariate ANOVAs (MANOVAs) were
conducted to analyze the difference between Chl a and Chl ¢, and be-
tween CA,; and CA;, under each nitrate condition. The threshold value
for determining statistical significance was P < 0.05.
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3. Results
3.1. Changes of cell density and chemical conditions in the culture

The changes of cell density (Fig. 1A), nitrate concentration (Fig. 1B),
pH (Fig. 1C), and CO, concentration (Fig. 1D) under different culture
conditions were monitored over the culture period. Cell densities varied
with culture time (F7, 70y = 342.046, P < 0.001) and the patterns
under various nitrate conditions were different (Fog, 70y = 23.414,
P < 0.001). Specifically, post hoc Bonferroni comparison (P = 0.05)
showed that cells cultured at nitrate levels of 1-25 pmol L™* stopped
growing and approached stationary phase by day 4 while those culture
at 100 and 200 umol L™ ! nitrate continued to proliferate until day 5.
Contrary to cell density, the nitrate levels in seawater decreased with
culture time (F7, 7o) = 956.423, P < 0.001). Nitrate concentrations
under the conditions of 100 and 200 pumol L.™! nitrate reduced to zero
by day 5 and those under the conditions of below 100 pmol L™ ! nitrate
were exhausted by day 3. The increase of cell density led to the rising of
seawater pH with culture time (F(;, 70y = 175.834, P < 0.001). Post
hoc Bonferroni comparison (P = 0.05) showed that pH reached the
peak by day 4 for those under 1-25 mol L™! nitrate and by day 5 for
those under 100 and 200 umol L~! nitrate. It is worth noting that the
maximum pH could be 8.56 + 0.02 and 8.63 + 0.06 for the condi-
tions of 100 and 200 umol L™' nitrate, respectively. Along with the
rising of pH, CO; levels in seawater decreased with culture time (F,
700 = 158.078, P < 0.001) and the minimum CO,, levels for the con-
ditions of 100 and 200 pmol L™! nitrate were 4.4 =+ 0.3 and
3.5 * 0.6 umol kg ™' seawater, respectively.

Nitrate enrichment significantly affected the specific growth rate in
S. costatum over the 7 days of culture (Fy4 10y = 128.262, P < 0.001,
Fig. 2). Post hoc Tukey HSD comparison (P = 0.05) showed that al-
though the slight increase in nitrate concentration (from 1 to
5 umol L™ 1) did not stimulate the specific growth rate, moderate en-
richment of nitrate (25 pmol L™ ) increased SGR by 27% compared to
the lowest nitrate level. The SGR was increased by 23% when nitrate
varied from 25 to 100 pmol L™! but further increase in nitrate
(200 pmol L~ 1) did not affect the SGR.

3.2. Effects of nitrate on photosynthetic and respiratory performances
To investigate the potential mechanisms that S. costatum continued
to growth under high pH and low CO, when nitrate was replete, the

photosynthetic performances of cells during the exponential growth
phase (day 2 for 1-25 pymol L™ ! nitrate conditions and day 4 for 100

0.6 -
0.5_.
0.4_-
03]

0.2

Specific growth rate (d™)

0.14

0.0

100

Nitrate concentration (umol L)

Fig. 2. Specific growth rates in S. costatum grown at various nitrate concentrations. The
error bars indicate the standard deviations (n = 3). Different letters represent the sig-
nificant difference (P < 0.05) among nitrate concentrations.
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and 200 umol L~ ! nitrate conditions) were measured. In terms of rETR
in PS II (Fig. 3A), nitrate had a main effect on it (F, 100 = 130.605,
P < 0.001). Post hoc Tukey HSD comparison (P = 0.05) showed that
there was no significant difference in rETR between 1 and 5 pmol L™!
nitrate treatments but a nearly 5-fold increase was achieved when ni-
trate increased to 25 umol L™ ! compared to 1 umol L™, The rETR
further increased to 19.0 *= 4.2 ymol e~ m~ 2 s~ ! when nitrate was
100 umol L~!. The rETR (22.7 = 1.4 pymol e~ m~2 s7!) at
200 umol L.~ ! was not significantly different from that at 100 ymol L™ *.
The gp also increased with nitrate availability (Fu, 10) = 67.67,
P < 0.001), with lowest (0.21 = 0.05) at 1 umol L™ and highest
(0.74 = 0.04) at 200 pmol L~ ! nitrate (Fig. 3B). On the other hand,
there was a declining trend in qy with the rising of nitrate concentration
(Fa, 10y = 34.739, P < 0.001, Fig. 3C). It decreased from 0.97 + 0.03
to 0.86 + 0.03 when nitrate increased from 1 to 25 pmol L™! and
further to 0.66 =+ 0.04 at 200 pmol L™! nitrate (Tukey HSD,
P < 0.05).

Nitrate also affected net photosynthetic rate (Fi, 10) =
P < 0.001, Fig. 4A) and dark respiration rate (Fu4, 10 = 35.460,
P < 0.001, Fig. 4B). Post hoc Tukey HSD comparison (P = 0.05)
showed that there was no significant difference in the net photo-
synthetic rates between 1 and 5 or 5 and 25 pmol L™ ! nitrate levels but
afterwards the net photosynthetic rate increased with nitrate
(25-200 pmol L™1), with the highest of 107.65 + 12.60 pmol O,
(10° cells)™* h~! at 200 pumol L~! nitrate. The pattern of dark re-
spiration rate was the same as net photosynthetic rate except for the
insignificant difference between 100 and 200 umol L™ ! nitrate (Tukey
HSD, P = 0.193).

The main photosynthetic pigments in S. costatum grown at various
nitrate concentrations were also measured (Fig. 5). Nitrate treatment
significantly affected both Chl a (F(4, 10y = 290.442, P < 0.001) and
Chl ¢ (Fu, 100 = 169.429, P < 0.001). Chl a content increased
(0.05 = 0.01-0.27 == 0.01 pg cell™!) with nitrate level
(5-200 pmol L™ 1) but there was no significant difference between 1 and
5 pumol L™ nitrate (Tukey HSD, P = 0.996). The pattern of Chl ¢ was
similar to Chl a, with insignificant difference between 5 and
25 pumol L™ nitrate (Tukey HSD, P = 0.195). The content of Chl ¢ was
much lower than Chl a under each nitrate level (F, 4y > 70.199,
P < 0.01).

To investigate the photosynthetic response of S. costatum grown at
various nitrate levels to DIC variation, the net photosynthetic rates of
cells exposure to seven levels of DIC were measured (Fig. 6). The out-
come of Repeated measures ANOVAs showed that net photosynthetic
rate in S. costatum grown at all nitrate conditions increased with DIC,
with higher increase amplitudes at higher nitrate conditions (Fo4,
60) = 76.420, P < 0.001). For instance, the net photosynthetic rate at
1 pmol L™1! nitrate increased from 0 to 35.02 = 2.90 umol O,
(10° cells)~* h™! when DIC changed 0-3 mmol L™ ' while it increased
from O to 81.44 + 3.20 pmol O, (10° cells) "' h~? for 200 pmol L~ !
nitrate.

As shown in Table 1, nitrate significantly affected Viax (Fa,
100 = 156943, P < 0.001) and Kos for DIC (F(4’ 100 = 13135,
P = 0.001), CO, (F(4) 100 = 14.303, P < 0.001) and HC037 (F(4’
10) = 13.131, P = 0.001). Post hoc Tukey HSD comparison (P = 0.05)
showed that V., increased with nitrate level (5-200 pmol L™1) al-
though the difference between 1 and 5 pmol L.~ ! was insignificant. The
variation trends of K, s for DIC, CO, and HCO3;~ were the same. The
increase of nitrate to 25 pmol L™ ! did not change K, 5 but further ad-
dition of nitrate led to significant increase in Ky 5. There was no sig-
nificant difference in Ky 5 between 100 and 200 pmol L.~ ! nitrate levels.

73.396,

3.3. The response of inorganic carbon acquisition to COz limitation and
nitrate enrichment

To investigate the potential mechanism that cells combat CO, lim-
itation under various nitrate conditions, the activity of CAgy and CAjy
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Fig. 3. Relative electron transport rate (rETR), photochemical
quenching (gp), and non-photochemical quenching (qy) in S. cost-
atum grown at various nitrate concentrations. The error bars indicate
the standard deviations (n = 3). Different letters represent the sig-
nificant difference (P < 0.05) among nitrate concentrations.
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were measured (Fig. 7A). There was a significant difference in CAey
activity between nitrate levels (Fy4, 10y = 747.861, P < 0.001). Post
hoc Tukey HSD comparison (P = 0.05) showed that 5 pmol L! nitrate
did not increase CA., and afterwards CA. increased
(0.048 + 0.002-0.174 = 0.004 EU (10° cells) ') with nitrate con-
centration (5-200 pmol L™1). The trend of CA;, under various nitrate
conditions was the same at CA.y, with the lowest of at 0.012 + 0.001
EU (10° cells) ™! at 1 umol L' nitrate and highest of 0.036 = 0.002
EU (10° cells) ™' at 200 pmol L™, CA;, was much lower than CAy
under each nitrate condition (F(;, 4y > 516.674, P < 0.001).

Nitrate also had a significant effect on the redox activity of plasma
membrane (Fy4, 10y = 243.956, P < 0.001, Fig. 7B). Post hoc Tukey
HSD comparison (P = 0.05) showed that the reduction rate of ferri-
cyanide between 1 (14.77 = 0.95 pumol (10° cells)”' h™') and
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5 pmol L™ nitrate (15.01 = 2.19 pmol (10° cells) ' h™ 1) was not
significantly different and then it increased with nitrate availability,
with the highest reduction rate (101.60 =+ 7.36 pmol (10° cells) !
h™1) at 200 pymol L™! nitrate.

To obtain pH compensation points in S. costatum grown under
various nitrate conditions, changes of pH in a closed system were
monitored (Fig. 8). The pH in media under various nitrate conditions all
increased with incubation time (F, 99y = 783.523, P < 0.001) but
they stopped at different points (Fi4, 10y = 149.556, P < 0.001). Post
hoc Tukey HSD comparison (P = 0.05) showed that there was no sig-
nificant difference in pH compensation point between 1 (8.84 = 0.03)
and 5 umol L™! (8.88 + 0.02) nitrate. Then the pH compensation
point increased with the rising of nitrate (5-200 pmol L™ 1. The highest
value of 9.22 + 0.02 was obtained at 200 pmol L™ ! nitrate. All of the
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centrations. The error bars indicate the standard deviations (n = 3). Different letters
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Fig. 6. Net photosynthetic rate as a function of DIC for S. costatum grown at various
nitrate concentrations. The error bars indicate the standard deviations (n = 3).

pH change was due to photosynthetic CO, withdrawal as the measured
pH and alkalinity after re-equilibration with air did not change com-
pared to the initial values.

4. Discussion

4.1. Photosynthetic O, evolution

Nitrate can affect photosynthesis via multiple ways. Nitrogen star-
vation could cause a decline in thylakoid absorptivity (Plumley et al.,

Table 1
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1989), lead to inactivation of PSII (Berges and Falkowski, 1996), and
reduce photosynthetic pigments in microalgae (Donald et al., 2011).
Higher nitrate increased photosynthetic pigments (Chl a and Chl ¢) of S.
costatum in the present study, which is consistent with the previous
studies on S. costatum (Davies and Sleep, 1989; Chen and Gao, 2004b).
Nitrate enrichment commonly increases algal chlorophyll content due
to its constitutive role in chlorophyll molecular (Geider et al., 1993;
Donald et al.,, 2011). The increased photosynthetic pigments in S.
costatum may contribute to the enhanced rETR, q,, and net photo-
synthetic rate at higher nitrate levels.

4.2. CA activity and redox activity of plasma membrane

CA activity of S. costatum grown at higher nitrate levels was pro-
moted in this study. Higher nitrate also induced higher CA activity in
macroalgae Ulva rigida (Rio et al., 1995) and higher plant (Burnell et al.,
1990; Makino et al., 1992) but little regarding microalgae has been
documented. It has been reported that nitrogen could affect CA activity
by regulating the expression of CA mRNA and the synthesis of CA
protein (Burnell et al., 1990). In addition, the stimulating effect of ni-
trate on CA activity may be due to the carbon limit at higher nitrate
conditions. CA activity of S. costatum grown at COx-replete conditions,
i.e 2.0-3.0 mmol DIC and pH 8.2-8.3, is usually undetectable (Nimer
et al., 1998) or very low (Gao et al., 2009) whilst CO, limitation can
noticeably induce CA activity (Nimer et al., 1998; Chen and Gao, 2003).
In the present study, increased biomass and photosynthetic rate in S.
costatum at higher nitrate levels led to the increase of pH and decrease
of CO, in spite of aeration. According to the previous studies on S.
costatum (Nimer et al., 1998, 1999), the very low levels of CO,
(3-4 umol kg_1 seawater) under the conditions of 100 and
200 pmol L™! nitrate in the present study could stimulate the CA ac-
tivity.

Higher nitrate also resulted in increased redox activity of plasma
membrane in S. costatum. This could be attributed to higher photo-
synthetic rates and thus greater CO, drawdown under higher nitrate
conditions (Smith-Harding et al., 2017). It has been proposed that
under CO, limitation conditions, superfluous reducing equivalents
would be transported from the chloroplast into the cytosol (Heber,
1974) and thus support the redox chain in the plasma membrane
(Rubinstein and Luster, 1993; Nimer et al., 1999). The redox chain
could lead to protonation extrusion of active center of extracellular CA
(Gautier et al., 1992; Nimer et al., 1998), which would activate the
enzyme. Our results of increased redox activity of plasma membrane
and CA activity combined with decreased CO, at higher nitrate levels
support this hypothesis. Furthermore, the higher nitrate increased
pigment content and hence ETR in PSII, which could generate excess
reducing equivalents, particularly when CO, is severely limited. These
excess reducing equivalents would trigger the redox activity of plasma
membrane and CA activity.

Enhanced CA activity is usually a signal of up-regulation of CCM
and would promote the inorganic carbon affinity of Rubisco (Wu et al.,
2012; Gao and Campbell, 2014; Xu et al., 2017). However, increased
CA activity and reduced inorganic carbon affinity were observed at

Maximum photosynthetic rate (V,ax) and the half saturation constant (Ky ) in S. costatum grown at various nitrate concentrations. Different letters represent the significant difference

(P < 0.05) among nitrate concentrations.

N concentration Vinax Ko.5 (UM)
(umol L™1) (umol O, (10° cells) ' h™1)
DIC CO, HCO;3~

1 38.35 + 2.78% 3195 * 11.6° 2.4 + 0.1° 291.6 * 10.6°
5 44.90 + 2.27° 356.3 * 28.2° 2.7 + 0.2° 3252 * 25.8°
25 62.08 + 4.79° 399.0 + 8.2%° 3.0 + 0.1 364.2 + 7.5°
100 90.77 + 4.39¢ 460.2 + 56.2"¢ 3.5 = 0.4 420.0 + 51.3%
200 104.11 += 4.80¢ 597.7 * 97.1° 45 + 0.7° 545.5 + 88.6°
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Fig. 7. CA activity (A) and reduction rate of ferricyanide (B) in S.
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B 4 CICA,,. costatum grown at various nitrate concentrations. The error bars in-
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934 strong capacity for direct HCO3; ™ utilization, has a higher pH com-
! - oy pensation point of 10.3 (Chen et al., 2006). In terms of S. costatum, it
v has been found to have a pH compensation point of 9.12, indicating a
9.0 4 weak capacity for direct HCO; ™ utilization (Chen and Gao, 2004a). Our
- study demonstrates that nitrate available level could affect pH com-
g ¥ pensation point of S. costatum. The highest pH compensation point of
E 8.7 —=—1 pmol 1 9.22 was achieved at 200 umol nitrate level, suggesting that S. costatum
i 5 umol L1 could use HCO5; ™~ when nitrate is replete. Meanwhile, it is worth noting
o B r that minor conversion between HCO;~ and CO, mediated by CAext
8.4+ —4—25 pmol L may still occur at this pH based on the finding in Chaetoceros muelleri
v~ 100 pmol L1 (Smith-Harding et al., 2017). Contrary to CO, passive diffusion, the
8.1 =500 Lt direct use of HCO3~ depends on positive transport that requires energy
] Hmo (Chen et al., 2006). The higher nitrate promoted the ETR in PSII in this
6 é 1'0 1'5 2'0 2'5 study, from which the generated ATP could be used for HCO3~ trans-
. port. In addition, the energy from the increased respiration at higher
Time (h)

Fig. 8. Changes of pH in a closed system caused by photosynthesis of S. costatum grown at
various nitrate concentrations. The error bars indicate the standard deviations (n = 3).

higher nitrate conditions in this study. Nitrate enrichment can promote
the synthesis of Rubisco, as reported in Phaeodactylum tricornutum
(Geider et al.,, 1993) and phytoplankton assemblages (Losh et al.,
2013). Therefore, a possible reason for the contradiction between en-
hanced CA activity and decreased inorganic carbon affinity is that
higher nitrate increased Rubisco content in S. costatum and hence more
CO,, was required to saturate Rubisco carboxylation. In addition, it was
proposed that CCMs in algae grown under N limited conditions can be
up-regulated to increase N-use efficiency and relieve N limitation
(Beardall and Giordano, 2002; Raven et al., 2011). This could partially
explain the increased inorganic carbon affinity at lower nitrate levels in
the present study.

4.3. Direct HCO3 ™ utilization

A pH compensation point over 9.2 has been deemed a sign of direct
HCO;3;™ use for algae, above which the higher the pH compensation
point is; the stronger the ability to utilize HCO3~ is (Axelsson and
Uusitalo, 1988). For instance, red macroalgae, Phycodrys rubens and
Lomentaria articulata, of which photosynthesis depends on CO, diffu-
sion, have pH compensation points of less than 9.2 (Maberly, 1990). On
the other hand, the marine diatom Phaeodactylum tricornutum, with
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nitrate levels may also contribute to HCO3~ transport. Our study in-
dicates that nitrate enrichment could improve inorganic acquisition
capacity of S. costatum to combat carbon limitation.

4.4. Growth and red tides

Diatoms usually dominate nutrient-rich coastal waters and estuaries
(Li et al., 2011; Irwin et al., 2012; Barton et al., 2016) and S. costatum
could outcompete other bloom algae (dinoflagellates Prorocentrum
minimum and Alexandrium tamarense) via a quicker growth in nitrate
and phosphate replete cultures (Hu et al., 2011). However, potential
mechanisms are poorly understood. Our study demonstrates that nitrate
enrichment could increase photosynthetic pigments and thus ETR and
photosynthetic O, evolution. Furthermore, nitrate enrichment could
promote CA activity and induce direct HCO3 ™ use. This is particularly
important, because pH in seawater could be very high during red tides
along with extremely low CO, availability (Hansen, 2002; Hinga,
2002). For instance, pH level in the surface waters of the eutrophic
Mariager Fjord, Denmark, is often above 9—occasionally up to 9.75
during dinoflagellate blooms (Hansen, 2002). The pH is relative low
(8.63 £ 0.06) at the end of the seven days of batch culture even for the
highest nitrate level in the present study. Although there was a large
difference in initial nitrate concentration among treatments, the gap
shrank with culture time and disappeared finally. This may explain the
relative low cell density and thus low pH even at highest nitrate level.
This relative low pH (8.63 = 0.06) still led to a severe CO, limitation
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(3.5 = 0.6 umol kg_l seawater). The increased CA activity and in-

duced direct HCO3;~ use under nitrate replete conditions would be
helpful for S. costatum to overcome carbon limitation during algal
bloom and to dominate red tides.

5. Conclusions

The present study investigated the potential mechanism that bloom-
forming diatoms overcome CO, limitation and maintain a high growth
rate during algal bloom for the first time. The fast growth of cells led to
the increase of pH and decrease of CO, in the media. Cells grown at
nitrate-depleted conditions entered into stationary phase whilst those at
nitrate-replete conditions could continue to grow. The potential me-
chanism is that higher nitrate availability increased photosynthetic
pigment content, ETR, and thus redox activity of plasma membrane and
CA activity. In addition, higher nitrate availability induced direct
HCO3 ™ utilization that may be due to increased photosynthetic rate and
ATP production. The increased CA activity and induced direct HCO3; ™~
use could ensure that S. costatum gets over carbon limitation over the
algal bloom. This study provides important insight into the connection
of nitrogen and carbon metabolisms in diatoms and the development of
diatom-dominated red tides.
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