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Prorocentrum donghaiense is a notoriously harmful bloom species in the coastal waters of China. The molecular
processes by which P. donghaiense assimilates nitrogen (N) are poorly understood. Expression of 12 genes in-
volved in N transport and assimilation in P. donghaiense was studied under different conditions of N availability,
irradiance and diel cycle. We demonstrated that expression of 5 genes was regulated by N limitation and 7 genes
regulated by different N sources or irradiances. The diel cycle had little effect on the regulation of the studied
genes. The responses of the genes involved in the ornithine-urea cycle (OUC) were different from those found in

model diatoms. Constitutive expression of genes related to N transport and assimilation may assist P. donghaiense
efficient utilization of different N sources in varying marine environments. The OUC of P. donghaiense may play a
minor role in the distribution and repackaging of carbon and N.

1. Introduction

Prorocentrum donghaiense Lu is one of the most well-known harmful
algal bloom species in the coastal waters of China (Lu et al., 2005; Zhou
et al., 2017b). Since the year 2000, large scale P. donghaiense blooms
have been recorded annually during spring seasons in the Changjiang
River Estuary and the adjacent East China Sea (ECS), with records of
more than several thousand square kilometers and persisting for over 1
month (Lu et al., 2005; Chen et al., 2013; Liu et al., 2013). These no-
torious blooms severely affect regional marine ecosystems, marine
fisheries and public health (Zhou and Zhu, 2006; Lu et al., 2011).

Eutrophication is considered one of the most important factors re-
sponsible for P. donghaiense blooms in the ECS (Zhou and Zhu, 2006;
Glibert et al., 2012; Liu et al., 2015). Dissolved inorganic nitrogen (DIN)
has sharply climbed from 5 pmol L ™! in 1959 to 25 umol L.~ * in 2010 as
a result of large scale effluent of nitrate pouring into the ECS from the
Changjiang River Estuary (Strokal et al., 2014; Zhou et al., 2017a).
Consequently, the nutrient structure in the region has changed greatly
(Glibert et al., 2012; Liu et al., 2015). Excess nitrate is believed to be
responsible for the frequent P. donghaiense blooms in the ECS (Glibert
et al., 2012; Zhou et al., 2017b).

Many studies have examined the physiological and ecological
adaptations of P. donghaiense for nitrogen (N) utilization and have
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shown that it is able to utilize a variety of N sources for growth (Hu
et al., 2012, 2014; Zhang, 2013). P. donghaiense exhibits similar uptake
kinetics for nitrate, ammonium, and urea under either N-replete or N-
depleted conditions, although the affinity for urea is higher than for
nitrate or ammonium (Zhang, 2013; Hu et al., 2014). Urea contributes
more than 20% of the total dissolved N pool in P. donghaiense blooms,
so urea might be an important N source in these blooms (Glibert et al.,
2012; Li et al., 2012). The N content in seawater determines the scale
and duration of P. donghaiense blooms (Zhou and Zhu, 2006; Zhou
et al., 2017a). These observations indicate that an understanding of the
mechanisms underlying N metabolism in P. donghaiense is important to
unravel factors underlying the occurrence of its blooms. However, the
molecular mechanisms associated with nutrient metabolism in P. don-
ghaiense and other dinoflagellates remain poorly understood due to lack
of genomic data as well as complex genome organizations (Janouskovec
et al., 2017). Recently, homologs of enzymes in the ornithine-urea cycle
(OUC) have been found in transcriptomes of Alexandrium tamarense
(Dagenais-Bellefeuille and Morse, 2013) and Gambierdiscus caribaeus
(Price et al., 2016). Jing et al. (2017) investigated four genes involved
in N transport and assimilation in P. donghaiense and noted their reg-
ulatory response to the bioavailability of urea. Meanwhile, Zhang et al.
(2015) compared the protein profiles of P. donghaiense with differing N
status and showed that it possessed a specific ability to regulate

Received 10 January 2019; Received in revised form 7 September 2019; Accepted 19 September 2019

Available online 16 October 2019
0025-326X/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2019.110617
https://doi.org/10.1016/j.marpolbul.2019.110617
mailto:hpdong@sklec.ecnu.edu.cn
https://doi.org/10.1016/j.marpolbul.2019.110617
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2019.110617&domain=pdf

L.-j. Ou, et al.

intracellular N metabolism when suffering severe N stress.

P. donghaiense blooms often occur in turbid estuary waters (Zhou
and Zhu, 2006; Lu et al., 2011) and therefore it is possible that, besides
high nutrient availability, capacity for acclimation to a broad range of
irradiance is an important characteristic of this alga (Xu et al., 2010; Hu
et al., 2014, 2016). The molecular response of P. donghaiense to the
mixed effects of N availability and irradiance are poorly understood.
Based on transcriptomic data from P. donghaiense with differing N status
in a previous study (Li et al., 2018), the present study measures six
genes related to N transport and assimilation, and six genes related to
the OUC under different conditions of N availability, irradiance and diel
cycle using quantitative reverse transcription PCR (qQRT-PCR). The aim
of this study was to investigate the transcriptional regulation of N as-
similation and metabolism in P. donghaiense in response to N avail-
ability and irradiance.

2. Materials and methods
2.1. Culture and experimental design

P. donghaiense (strain: MEL203) was isolated from the Pearl River
Estuary, China in 2009, and was maintained in the Algal Collection,
Research Center of Harmful Algae and Marine Biology, Jinan
University, China. Before formal experiments, the cultures were twice
re-inoculated into Aquil artificial seawater medium (enriched with f/2)
and were maintained at 21 * 1°C under a 12: 12h light: dark cycle
with irradiation of ~100pumol photon m~2 s~!. Penicillin G and
streptomycin sulfate were added with final concentrations of 3 and
5gL™!, respectively, to eliminate bacterial contamination 48 h before
each inoculation. The cultures were checked for bacterial contamina-
tion at regular intervals under an epifluorescence microscope (Olympus
X61, Tokyo, Japan) at 100 x magnification using 4/, 6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, St. Louis, US state) stain. About
60 L of P. donghaiense during the exponential phase were centrifuged at
260 x g for 5min and the pellets were transferred to fresh artificial f/2
seawater medium. The initial cell densities of P. donghaiense were
~2.0 X 10*cells mL ™, All treatments were set up in triplicate.

Experiment I investigated high (~880 umolLfl) and low
(~60umol L™ 1) concentrations of NO3~ in 4.2 L cultures (referred to
as ‘High-N’ and ‘Low-N’ treatments, respectively). Samples for cell
counts, in vivo fluorescence, photosynthetic yield of photosystem II (Fv/
Fm) and NO3~ concentration analysis were taken on alternate days at
9:00 a.m. Samples for total RNA extraction were taken on days 0, 7, 12
and 15 based on the growth curves of P. donghaiense and NO3;~ con-
centrations in media. Samples for Chlorophyll a (Chl a) were only taken
on later period of days 12 and 15.

Experiment II set out to investigate the effect of various N sources,
where NO;~, NH;", and urea with final N concentrations of
~880 umol L ™! were added separately into three treatments (referred
to as ‘NOs ¢, ‘NH, "’ or ‘urea’ treatments, respectively). P. donghaiense
in these treatments were again acclimated to grow under light irra-
diation of ~50 or ~300 umol photons m~2 s~ ! (referred to as ‘Low-
light’ or ‘High-light’ treatments, respectively). Samples for N con-
centrations, in vivo fluorescence and Fv/Fm, were taken every day, or
every few days, at 9:00 a.m. Samples for total RNA extractions were
harvested at 9:00 a.m. and 21:00 p.m. on day 11 based on the in vivo
fluorescence curve for P. donghaiense.

2.2. Cell growth and nutrient analysis

Samples for cell counts were fixed in 2% acid Lugol's solution and
were then placed in a Palmer-Maloney counting chamber (0.1 mL), and
at least 500 cells were counted using a light microscope (Olympus
CKX41, Tokyo, Japan). For Chl a analysis, 15-20 mL culture samples
were filtered through GF/F filters. The Chl a was extracted using 90%
acetone in the dark for 1 day and were measured using a Turner 720
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Fluorometer (California, USA) according to the method of Jespersen
and Christoffersen (1987). The in vivo fluorescence of 2mlL culture
samples were measured directly using the Fluorometer. 1 mL of samples
for Fv/Fm were monitored with a Phyto-PAM Phytoplankton Analyzer
after dark adaption of 5min (Walz, Effeltrich, Germany).

30 mL culture samples were filtered through pre-combusted GF/F
filters (450°C, 2h) and filtrates were used for nutrient analysis.
Concentrations of NO;~ and NH,* were analyzed according to the
methods of Valderrama (1995). Urea concentrations were measured
according to Revilla et al. (2005).

2.3. RNA extraction

About 10° cells of P. donghaiense were harvested by centrifugation at
5000 x g for 5 min and were stored at —80 °C. Total RNA was extracted
from frozen cells using total RNA extraction kit (Magen, Shanghai,
China) according to the manufacturer's instruction. RNase-free DNAase
(Takara, Tokyo, Japan) was used to remove residual DNA contamina-
tion in RNA. The extracted RNA was dissolved in RNase-free deionized
water and the concentration and purity was measured using a spec-
trophotometer (Agilent Technologies, California, USA) at wavelengths
of 260 and 280 nm. The RNA concentration used in this study was
400-500 ng uL_1 and the ratio of ODogg,280 Was 1.9-2.0.

2.4. Sequence assembly, gene choice and quantitative reverse transcription
PCR (qRT-PCR)

High-quality reads from transcriptomic sequencing were assembled
by Trinity software (https://trinitysoft.net/about-trinity-software)
(Grabherr, 2011; Li et al., 2018). The candidate coding regions of the
assembled reads were analyzed by TransDecoder (https://omictools.
com/transdecoder-tool). The functional annotation of unigenes and
open reading frames were achieved using Trinotate (https://omictools.
com/trinotate-tool). Twelve genes involved in N transport and assim-
ilation and the OUC were selected, and their sequences were provided
in Table S1. Primers were devised and verified using Primer-BLAST and
listed in Table 1.

To assay the efficiency of the specific primer sets, qRT-PCR was

Table 1
Primer sequences used for qRT-PCR.

Genes Primer sequenced (5’-3")

Nitrogen assimilation-related
Nitrate reductase (NAR) NAR-F AGCCTTCTGTGCCTCGAAC
NAR-R GCTGTGCTTCTCCAACTCG
NIR-F GTACTTCACGCACTCGTCGTC
NIR-R CACCACCAAGGGCTACAACT
NRT-F CCAGAACTGGTTCACGACGA
NRT-R AACTTGGACCTGCGAACACA
AMT-F TTGAATGCGAGGAAGCCAGT
AMT-R ATTTCGCGTAAGGTGTGGGT
GSII-F TTGATTGCTTCCGGTGTCGT
GSII-R GACGCCGTGGCTGATATGTA
GSI-F AATGCGATGCACTGACCAGA
GSI-R CCAACGTCGAGAGAGGTTCC

Nitrite reductase (NIR)
Nitrate transporter (NART)
Ammonium transporter (AMT)
Glutamine synthetase II (GSII)
Glutamine synthetase I (GSI)

Urea cycle related
Urease (URE) URE-F AGGTGATGTCTTCGCGGATG
URE-R AGACTGCTCTGACGCTGAAG
CPS-F GTCTCGTGGCTAAGCTCCTC
CPS-R CTGTGTCTCGTGCGTGAAGA
ARG-F AGAAGGGCCAGCTCTTGTTC
ARG-R CCGGCATCCCGTGATAATGA
ARGS-F CGGTCACAATCCTCCCAACA
ARGS-R CGATATCAGCGACGTGGTCA
ARGL-F TCGAAGGTGAACAGGCCTTC
ARGL-R GCTGTCTTCGTTTGAGTCGC
ORNA-F ACGTCGTTCCTTCAGTGCAA
ORNA-R ATTCACCCCTCCTCTCGTCA

Carbamoyl-phosphate synthase (CPS)
Arginase (ARG)

Argininosuccinate synthase (ARGS)
Argininosuccinate lyase (ARGL)

Ornithine aminotransferase (ORNA)
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performed using each primer set and a dilution series of cDNA from 10!
to 10°. Standard curves of all the primer sets showed efficiencies be-
tween 90%-110%, with R? > 0.99. qRT-PCR was performed using a
BioRad Realplex Mastercycler (BioRad, California, USA) according to
standard methods, as previously described (Guenin et al., 2009).
Cycling parameters were 95 °C for 30s, 40 cycles of 95 °C for 10s,
58 °C for 30s, and melt-curve analysis starting at 60 °C and ending at
95°C. A 25pL reaction system contained 0.5puL of ¢cDNA, 12.5uL of
SYBR Premix Ex Taqll master mix (Takara), 1 pL of Forward Primer
(10umolL™Y), 1pL of Reverse Primer (10pumolL™') and 10puL of
sterile Milli-Q water. Hypoxanthine phosphoribosy transferase (HPRT)
was used as the endogenous housekeeping gene. Relative gene ex-
pression was determined using the 2724 method after normalization
to the housekeeping gene (Siaut et al., 2007). Three biological re-
plicates were performed. In experiment I, cells grown on High-N on day
0 were set as the expression control while in experiment II, cells grown
on NO3;~ and Low-light at daytime were set as the expression control.
The relative expression of genes in each control was regarded as 1.

2.5. Statistical analysis

All statistical analysis was performed with SPSS 19.0 software. A
one way ANOVA and Tukey's HSD post hoc test were used to analyze
the difference among treatments. A p-value < 0.05 was considered
significant, and p < 0.01 highly significant. Prior to the analysis, data
were tested for normality and homogeneity of variance. Log 10 or
square-root transformation of the data were performed prior to any
statistical test, when necessary.

3. Results

3.1. Experiment I: Effect of N concentration on N assimilation and the OUC
in P. donghaiense

The concentrations of NO3 ~ in High-N decreased slowly from 882.0
to 663.6 umol L.~ ! during the whole experiment, while those in Low-N
decreased sharply from the beginning and were lower than
1.0 umol L™ ! after day 5 (Fig. S1). Cell densities in High-N increased
gradually from the beginning to the end of the experiment. In contrast,
cells in Low-N stopped growing after day 3 (Fig. 1). The variation of in
vivo fluorescence showed similar trends with that of cell densities. Chl a
per cell showed no difference between treatments on day 12
(p > 0.05), but Chl a per cell in High-N was about 30 times of that in
Low-N on day 15 (p < 0.01) (Fig. S2). Fv/Fm varied between 0.57 and
0.68 and showed no difference between treatments during the whole
experiment (p > 0.05) (Fig. S3).

Compared with those in High-N, the expression levels of ammonium
transporter (AMT) and glutamine synthetase II (GSII) genes were up-
regulated 2 to 4 times (p < 0.01) whereas that of nitrate transporter
(NART) gene was down-regulated ~3.5 times in Low-N (p < 0.01)
(Fig. 2). In addition, the expression levels of nitrate reductase (NAR)
and glutamine synthetase I (GSI) genes in Low-N were down-regulated
slightly after day 12 compared with those in High-N (p < 0.05). No
difference was observed in the expression levels of nitrite reductase
(NIR) between the two treatments (p > 0.05).

Genes related to the OUC was also analyzed. The expression levels
of arginase (ARG) and carbamoyl-phosphate synthase (CPS) in High-N
was up-regulated by 3—-4 times and 1.6 times respectively, compared to
those in Low-N after day 7 (p < 0.01) (Fig. 3). But, the gene expression
levels of urease (URE), ornithine aminotransferase (ORNA), arginino-
succinate synthase (ARGS), and argininosuccinate lyase (ARGL) in
High-N didn't change much compared with those in Low-N (p > 0.05).
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Fig. 1. Variations of densities and in vivo fluorescence of Prorocentrum don-
ghaiense over time, under high and low nitrogen (N). Treatments were sup-
plemented with ~880umolL~! NO;~ (High-N) and ~60pumolL ™! NO3~
(Low-N).

3.2. Experiment II: Combined effects of N source and irradiance on N
acclimation and the OUC in P. donghaiense over a diel cycle

The concentrations of different N sources in all treatments were
higher than 200 pmol L™ ! at the end (data not shown here), suggesting
that N was not limiting during the whole experiment. The in vivo
fluorescence was similar between High- and Low-light (Fig. 4). How-
ever, the in vivo fluorescence on urea was significantly higher than that
on NO3;~ or NH,* during days 3-6 in High-light (p < 0.01), and also
so on days 7 and 11 in Low-light (p < 0.05). Fv/Fm varied from 0.48 to
0.70 and values in Low-light were significantly higher than those in
High-light (p < 0.05) (Table 2) (Fig. S4).

The expression levels of the AMT gene in NH,* and urea supple-
ments were up-regulated significantly than that on NO3;~ during both
day and night (p < 0.05) (Fig. 5). AMT gene expression didn't change
much between High- and Low-light (p > 0.05). In contrast, NART gene
expression on NH,* and urea were down-regulated by about twice
compared with that on NOs3;~ (p < 0.05), and this trend was
strengthened in Low-light and night. Interestingly, no difference was
observed in gene expression of NAR or NIR grown on different N
sources irrespective of light intensities or the diel cycle (p > 0.05).
During day-time, the expression level of GSI on NO3; ™~ was up-regulated
by about 3 times compared with that on NH, " in both light treatments
(p < 0.01) but it showed no difference with that on urea. However, at
night, the level of GSI on NO;~ was up-regulated compared to that on
NH, " or urea only in High-light (p < 0.05). The regulation of GSII
gene was dependent on both N source and light intensity. The expres-
sion level of GSII on NH4* or urea were down-regulated more than
twice compared with that on NO;~ in Low-light during the day time
(p < 0.01), whereas at night its expression on NH,* or urea were
down-regulated by about 2-8 times than that on NO3 ™~ in both High-
and Low-light (p < 0.05).

Among the six genes related to the OUC, only three were modulated
by the N source and/or light level (Fig. 6). URE, ARGS and ARGL did
not change significantly among N sources, light intensities or diel phase
(p > 0.05). During the day, the expression level of ORNA gene on
NO3;~ were up-regulated more than 5 times compared with that on
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Fig. 2. Relative expressions of nitrogen (N) assimilation related genes on days 0, 7, 12 and 15. Treatments were supplemented with ~880 umol L™ NO;~ (High-N)
and ~60 pmol L™ ! NO;~ (Low-N). Ammonium transporter (AMT), nitrate transporter (NART), nitrate reductase (NAR), nitrite reductase (NIR), glutamine synthetase
I (GSI) and glutamine synthetase II (GSII). The expression of all samples is normalized against High-N on day O (to the value of 1).

NH,* in High-light (p < 0.05) whereas no differences were observed
in ORNA gene expression on different N sources in Low-light
(p > 0.05). However, at night, the expression level of ORNA gene on
NH," or urea were down-regulated about 4-5 times in High-light
(p < 0.05) whereas its expression on NH,* was up-regulated 12 times
compared with that on NO3 ™~ in Low-light (p < 0.05). The expression
level of ARG gene on NH,* or urea was down-regulated about 3 times
compared with that on NO3;™~ in Low-light during the day (p < 0.05).
When comparing diel phase, in Low-light, the expression level of CPS
gene on urea during the day was significantly higher than that on urea
at night. In order to present changes of gene expression more clearly
under different conditions, a schematic diagram was provided in Fig. 7
showing the pathways of N assimilation and OUC.

4. Discussion

As in most dinoflagellates, P. donghaiense stopped growing when N
was limited. The Chl a contents of N-depleted cells were much lower
than those in N-replete cells, which suggests that during N depletion,
Chl a was degraded and its N was recycled to other metabolic processes.
However, cell densities and Fv/Fm did not change after the N con-
centration in media was depleted for many days. This result contrasts
with that observed in most other phytoplankton, in particular diatoms
(Hockin et al., 2012; Dong et al., 2013, 2015). Jing et al. (2017) also
found no significant differences in Fv/Fm in P. donghaiense between N-
replete and N-limited conditions in an 8-day experiment. These results
suggest that, in contrast to diatoms, the dinoflagellate P. donghaiense
might preserve its high photochemical efficiency even when N is se-
verely depleted; this characteristic might favor the maintenance of a
long bloom period. Furthermore, the in vivo fluorescence was similar

between the two light treatments, and the Fv/Fm in Low-light (50 umol
photons m~2 s™') was even higher than that in High-light (300 pmol
photons m ™2 s™1), which suggests that P. donghaiense acclimates well
to low light conditions. Liu et al. (2011) suggested that P. donghaiense is
able to acclimate to different light conditions and observed the highest
growth rates at 70 pmol photons m~2s” L Xuetal. (2010) found that P.
donghaiense was able to grow even when the irradiance was as low as
2 umol photons m~2 s~ !, Together, these observations help to explain
why P. donghaiense blooms may occur during cloudy and rainy weather,
as well as in turbid waters, and last more than 1 month after the nu-
trients in seawater are depleted.

Hu et al. (2014) found that the uptake dynamics of nitrate, am-
monium and urea in P. donghaiense under N-limited and N-replete
conditions were similar. Glibert et al. (2012) suggested that P. don-
ghaiense does not exhibit high affinity for any N sources but its capacity
for affinity regulation is high. These physiological observations suggest
that the N transporters of P. donghaiense are not acutely responsive to
variations in N. P. donghaiense stopped growing after day 3 in Low-N,
and the N status of P. donghaiense varied from N stress (day 5) to N
limitation (day 12). The expression of AMT and GSIIs in N-depleted
cells were up-regulated relative to those in N-replete cells after day 7.
This is consistent with observations in N-starved Karenia brevis (Morey
et al., 2011). Our results were consistent with increased expression of
the AMT gene observed in N-starved diatoms Phaeodactylum tricornutum
and Cylindrotheca sp., and haptophyte Isochrysis galbana (Hildebrand,
2005; Kang et al., 2007). Thus, AMT is induced by N stress in different
phytoplankton phyla. Glutamine synthetase (GS) catalyzes the con-
densation of glutamate with ammonia to yield glutamine. The expres-
sions of GSI and GSII showed different responses to N stress in this
study. Expression of different types of GS seems to vary to N-starvation
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Fig. 3. Relative expression of ornithine-urea cycle related genes on days 0, 7, 12 and 15. Treatments were supplemented with ~880 umol L ~! NO3~ (High-N) and
~60umol L.~! NO3 ™~ (Low-N). Urease (URE), carbamoyl-phosphate synthase (CPS), ornithine aminotransferase (ORNA), argininosuccinate synthase (ARGS), argi-
ninosuccinate lyase (ARGL) and arginase (ARG). The expression of all samples is normalized against High-N on day 0 (to the value of 1).

in microalgae. In K. brevis, only GSIII gene expression was up-regulated,
while GSI and II did not respond (Morey et al., 2011). In contrast, GSII
transcription was reduced in N-starved diatom Skeletonema costatum
(Takabayashi et al., 2005). It is likely that different GS types have
different roles in intracellular N utilization. Surprisingly, NART gene

Table 2

Fv/Fm of Prorocentrum donghaiense in treatments containing different nitrogen
(N) sources (NO;~, NH," or urea) supplemented to ~880 umol N L™! and
under different light irradiation (High-light, ~300 pumol photons m~2 s™;

Low-light, ~50 umol photons m~2 s~ 1),

expression was down-regulated in the N-limited condition in this study. Treatments Nitrogen added
Jing et al. (2017) reported that NART transcription in P. donghaiense
- +
was strongly up-regulated under limitating conditions of either nitrate NO; NH, Urea
or urea. NART expression was also observed to increase in N-depleted High-light 0.52 + 0.03 0.48 + 0.02 0.48 + 0.01
K. brevis, I. galbana, and Cylindrotheca sp. cells (Poulsen and Kroger, Low-light 0.69 + 0.01 0.55 + 0.01 0.67 + 0.01
2005; Morey et al., 2011). Two possible explanations could be sug-
gested. We speculated that P. donghaiense might have more than two
-@— NO; —O— NH,” —w— Urea
QB : 6 - .
o High-light Low-light
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Fig. 4. Variations of in vivo fluorescence of Prorocentrum donghaiense with time supplemented with various nitrogen (N) sources and under high and low light. N
sources supplement with ~880umolN L' of NO3~, NH,* or urea, exposed to different light irradiation (Low-light, ~50 pumol photons m~?2 s~!; High-light,

~300 pumol photons m~2s™1).
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Fig. 5. Relative expression of genes involved in nitrogen (N) assimilation in the treatments of Prorocentrum donghaiense supplemented with various N sources and
under high and low light. N sources supplement with ~880 umolN L~ of NO; ™, NH,* or urea, exposed to different light irradiation (Low-light, ~50 ymol photons
m~2s™%; High-light, ~300 pmol photons m~2 s~ ). The left panel shows day samples (9:00 a.m.) and the right panel night samples (21:00 p.m.). The expression of
all samples is normalized against NO3 ™ in the daytime at Low-light (to the value of 1). Significant differences (p < 0.05) among different N sources in High- and
Low-light are shown with different lowercase and uppercase letter labels respectively. Significant differences between High- and Low-light in the same N source are
shown with asterisk.
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Fig. 6. Relative expression of genes involved in the OUC in the treatments of Prorocentrum donghaiense supplemented with various nitrogen (N) sources and under
high and low light. N sources supplement with ~880 umol N L ™! of NO;~, NH,* or urea, exposed to different light irradiation (Low-light, ~50 umol photons m ™2
s~ 1; High-light, ~300 umol photons m~2 s~ !). The left panel shows day samples (9:00 a.m.) and the right panel night samples (21:00 p.m.). The expression of all
samples is normalized against NO3 ™ in the daytime at Low-light (to the value of 1). Significant differences (p < 0.05) among different N sources in High- and Low-
light are shown with different lowercase and uppercase letter labels respectively. Significant differences between High- and Low-light in the same N source are shown
with asterisk.
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types of NARTs. Their opposite responses to N stress could help P.
donghaiense to better adapt to environmental changes. Accordingly, P.
donghaiense might alleviate its N requirement by down-regulating ex-
pression of redundant transporters under long-term N depletion. A
second explanation could be that specific regulation pathways related
to NO3~ assimilation may be present under different N status, or in
different strains. It is assumed that extreme N depletion leads to sup-
pression of NART, NAR and NIR expression (Zhang et al., 2015).
Globally, urea concentrations in coastal waters have increased
sharply in recent decades (Glibert et al., 2006, 2016). Urea is con-
sidered an important N source for phytoplankton, which in some cases

Marine Pollution Bulletin 149 (2019) 110617

Fig. 7. Schematic of the nitrogen (N) assimilation and ornithine-urea cycle
(OUQ) related pathway in Prorocentrum donghaiense responding to different N
concentrations and sources, light and diel cycles. Color filling of gene name box
depicts the fold change of expression levels of the gene based on qRT-PCR data;
Panel (A) indicates changes of genes in N-limited condition compared with that
in N-replete condition; Panel (B) indicates changes of genes grown on NH, "
urea when compared with those grown on NO3 ~ in both high-light (~ 300 pmol
photons m~2 s7!) and low-light conditions (~50 umol photons m~2s™hH
during the daytime (9:00 a.m.); Panel (C) indicates changes of genes at night
(21:00 p.m.) when compared with those during the day (9:00 a.m.) grown on
different N sources (NO3~, NH4" or urea). AMT, ammonium transporter;
NART, nitrate transporter; NAR, nitrate reductase; NIR, nitrite reductase; GSI,
glutamine synthesis I; GSII, glutamine synthesis II; URE, urease; CPS, carba-
moyl-phosphate synthase; ORNA, ornithine aminotransferase; ARGS, argini-
nosuccinate synthase; ARGL, argininosuccinate lyase; and ARG, arginase. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

might benefit particular species that are able to outcompete others in
phytoplankton communities (Glibert et al., 2017). Most phytoplankton
use urease to produce CO, and NH,4* from urea, and then incorporate
NH, " into amino acids. In our transcriptomic data, several gene se-
quences were annotated as urease genes, but they did not all change
under N limitation, and were not regulated by the N source, light in-
tensity or diel cycle. We infer that multiple urease genes are present in
P. donghaiense, some constitutive and others inducible. The notion was
also supported by our previous study that considerable urease activity
in P. donghaiense was observed in all treatments augmented with var-
ious N sources but the urease activity increased markedly when urea
was added (Huang, 2015). In a previous study, a urease gene in P.
donghaiense showed a remarkable up-regulation in expression level
under N limitation (Jing et al., 2017). It is likely that it was an inducible
urease isoform. However, the constitutive expression of urease genes
would ensure that P. donghaiense always has sufficient urease activity to
process urea.

The OUC has been shown to play critical roles in both N metabolism
and energy balance in diatom cells (Allen et al., 2011; Bender et al.,
2012). The diatom OUC serves as a hub to redistribute inorganic C and
N to the tricarboxylic acid and glutamine synthetase/glutamate syn-
thase cycles (Allen et al., 2011). Homologs of all enzymes in the urea
cycle have been found in transcriptomes of dinoflagellates, A. tamarense
(Dagenais-Bellefeuille and Morse, 2013) and G. caribaeus (Price et al.,
2016), suggesting that dinoflagellates possess a complete OUC
pathway. However, the roles of the urea cycle in dinoflagellates are
largely unknown. In High-N in the present study, the expression of most
genes related to the OUC did not change, with the exception of CPS and
ARG. In Low-N, the expression of CPS and ARG genes were down-
regulated significantly when N became limited. The expression of CPS
gene increased in N-depleted Thalassiosira pseudonana (Mock et al.,
2008; Hockin et al., 2012). The expression levels of URE, ORNA and
ARG were up-regulated significantly in N-limited T. pseudonana and P.
tricornutum (Levitan et al., 2014). These results suggest that the role of
the OUC in N metabolism differs between dinoflagellates and diatoms.

The specific growth rate of P. donghaiense grown on reduced NH, "
or urea is significantly greater than those grown on NO5;~ (Hu et al.,
2014; Huang, 2015). The affinity of Prorocentrum species for NH,* and
urea is much higher than that for NO;~ (Fan et al., 2003; Hu et al,,
2014). However, no significant differences were observed in cell
abundance, POC, or PON for P. donghaiense or P. minimum among those
grown on different N sources (Ou et al., 2014; Huang, 2015). In the
present study, the AMT gene expression level was up-regulated on
NH,4* or urea relative to that on NO;~ and the expression of NART
gene was up-regulated on NO3 ™, irrespective of the light condition or
diel phase. This suggests that the expression of AMT and NART are
regulated by different N sources. In contrast, the expression of NAR and
NIR were constitutive and did not change among different N sources,
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light conditions or diel phases. Although NH,* can be incorporated
directly into amino acids in cells, low expression of GSI and GSII in cells
grown on NH,* may limit NH,* assimilation. These features have been
observed in other microalgae (Wase et al., 2014).

For diatoms under light, the expression level of the CPS gene in cells
grown on either NO3;~ or urea is up-regulated compared to those on
NH, " (Bender et al., 2012). This suggests that exogenous NH, " does
not influence the OUC in diatom cells. It is generally considered that
low expression levels of CPS in diatom cells grown on NH4 " reflects the
relatively low flux of NH,* from the cytosol to the plastid (Bender
et al., 2012). Here, CPS gene expression was unchanged by different N
sources, suggesting that different pathways of N assimilation to those of
diatoms are present in dinoflagellates, or at least in P. donghaiense.

In this study, most of the genes related to N assimilation and the
OUC did not respond to the diel cycle, except for GSII and CPS. The
gene expression of GSII in cells grown in High-light with NO;~ was up-
regulated at night when compared to expression during the day. It is
likely that when cells were grown on NO3~, a high flux of NH, " pro-
duced in the plastid is transported to the mitochondria for glutamine
biosynthesis. Thus, GSII may be localized within mitochondria in P.
donghaiense. The gene expression of CPS was up-regulated in urea-
grown cells during the day when compared to expression at night. We
did not identify the subcellular localization of the CPS. In diatoms,
pgCPSII is localized to the cytosol and is affected by the diel cycle, with
greater expression in the dark. In contrast, unCPS is localized to mi-
tochondria and is transcribed throughout the diel cycle (Bender et al.,
2012). We hypothesize that the CPS of P. donghaiense is an unCPS.
When grown on urea, cells transport NH,* to the plastid during the day
to produce glutamine, with subsequent transport to the mitochondria to
fuel CPS activity in the light. Overall, the diel cycle did not affect most
of the genes related to N assimilation and the OUC. Compared with
other phytoplankton, this may provide a competitive advantage for P.
donghaiense contributing to its capacity to bloom in a range of marine
environments.

In conclusion, in this study, we examined the effects of variations of
N concentrations and sources, and irradiances on N assimilation and the
OUC in P. donghaiense. Long-term N limitation reduced Chl a content
but did not affect photosynthetic efficiency. In fact, low light even led
to an elevated photosynthetic efficiency. P. donghaiense showed similar
capacities in utilizing different N sources for growth. P. donghaiense
down-regulated the expression of NART and ARG genes, and up-regu-
lated the expression of AMT, GSII and CPS genes under N limitation.
The exposure to different N sources and irradiances also regulate the
expression of some studied genes. However, it seemed that the studied
genes scarcely respond to the diel cycle. When compared with model
diatoms, the transcriptional response of most genes related to N as-
similation and the OUC in P. donghaiense were very different. The
regulatory factors underlying this response still need further study.
There may be multiple copies for these genes in P. donghaiense, where
other responsive isoforms were not considered in our targets for this
study. In any case, the constitutive expression of these genes give P.
donghaiense an advantage to efficiently utilize various N sources in
dynamic marine environments and contributes to the occurrence and
maintenance of P. donghaiense blooms.
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