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Abstract: Inorganic nitrogen (N) is an important element for eutrophication and harmful algal bloom
(HAB) formation. However, the roles of inorganic N in HAB outbreaks are still unclear. Here, we
compared the affinities and abilities for inorganic N uptake and assimilation among three typical
bloom-forming algae in the East China Sea (ECS), Skeletonema costatum, Prorocentrum donghaiense
and Alexandrium pacificum by investigating the uptake and enzymatic (nitrate reductase (NR) and
glutamine synthetase (GS) kinetics for nitrate and ammonia. The Ks of nitrate and ammonium in
S. costatum was lower than those in P. donghaiense and A. pacificum. The NR activity of S. costatum
and P. donghaiense exhibited a positive relationship with the nitrate concentration, and NR activity
of S. costatum was nearly 4-fold higher than that of P. donghaiense at high nitrate concentration.
However, the NR activity of A. pacificum could not be detected. The GS activity of three species
decreased with the increase of ammonium concentrations, and the highest GS activity was detected
in A. pacificum. S. costatum presented the highest affinity for nitrate and ammonium, followed by
P. donghaiense and A. pacificum. Moreover, P. donghaiense exhibited the highest affinity for intracellular
ammonium. Our results characterized the differences in inorganic nitrogen uptake among the three
typical bloom-forming algae, which may contribute to the formation of blooms in the coastal waters
of the ECS.

Keywords: inorganic nitrogen; uptake kinetics; enzymatic kinetics; Skeletonema costatum; Prorocentrum
donghaiense; Alexandrium pacificum

1. Introduction

Inorganic nitrogen (N) is a category of N nutrient for phytoplankton growth, which
drives the eutrophication and the formation of harmful algal blooms (HABs) in coastal
waters [1,2]. Competition for inorganic N among different phytoplankton species has been
demonstrated to be important in the formation and succession of HABs [1–3]. Hence,
the relationship between inorganic N and phytoplankton has become the focus of atten-
tion [1–3]. Inorganic N assimilated by phytoplankton is an important part of the N cycle
in nature [1,2]. Differences in the uptake kinetics for nitrate and ammonium among algal
species have been reported and may determine the relative growth rates of algae and
therefore influence competitive relationships [4–8]. Ammonium is the preferred inorganic
N source for Karenia mikimotoi [7], while Gymnodinium catenatum has the maximum uptake
rate of nitrate than that of ammonium [8]. Phytoplankton with low half-saturation constant
(Ks) may be favored under inorganic N-stressed conditions as they can efficiently take up
inorganic N, while species with a high maximum uptake rate (Vmax) may gain an advantage
under abundant inorganic N conditions [8,9]. Likewise, different affinities for ammonium
versus nitrate as a N source may favor some species [7–10]. Some taxonomic groups, such
as K. mikimotoi [7,10], may also be affected by the nature of the inorganic N. For instance,
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nitrate impulses usually result in diatom blooms in the coastal upwelling system [10,11].
Phytoplankton preferentially use ammonium, but its utilization can also inhibit the assimi-
lation of nitrate [12,13]. However, the utilization mechanism of phytoplankton for nitrate
and ammonium are still unclear.

There are three fundamental stages to assimilating nitrate into phytoplankton cells:
(a) transportation across the cytoplasm membrane using a special carrier; (b) reduction of
nitrate to ammonium catalyzed by the sequential action of nitrate reductase (NR) and nitrite
reductase (NiR); and (c) incorporation of ammonium into glutamate to produce glutamine
via one of two pathways: glutamate dehydrogenase (GDH) catalyzes the uptake of NH4

+

in glutamate by 2-oxoglutarate (2-OG), or alternatively, in the GS/GOGAT pathway, NH4
+

is incorporated in glutamine by glutamine synthetase (GS) and converted with 2-OG into
glutamate via glutamate synthase (GOGAT) [14]. Research on assimilatory NR has been
carried out for many years, three eukaryotic assimilatory NR forms have been identified
and characterized, two of which occur in eukaryotic algae and higher plants (EC 1.6.6.1,
specific for NADH and EC 1.6.6.2, using NADH or NADPH) and one of which is found
only in fungi (EC 1.6.6.3, specific for NADPH). NR contains three groups of prostheses,
FAD, heme-iron and a cofactor of molybdopterin which participate sequentially in reducing
nitrate to nitrite [15]. NR’s physiological role in reducing nitrates is fundamental to algae,
vascular plants, fungi and various bacteria [15,16]. NR meets multiple criteria for a rate-
limiting enzyme [17]; however, appropriate experiments to test this are definitely lacking.
Some studies have suggested that nitrate incorporation is restricted by nitrate uptake [18]
or by enzymatic steps downstream of NR, such as NiR [17]. While GS might be another
checkpoint [19]. The GS enzyme in the GS/GOSAT pathway of ammonium assimilation
has been reported in various algal and cyanobacteria as well as in animal cells [19,20].
Almost without exception, GS activity shows an extremely low Ks for ammonium [21].

Skeletonema costatum, Prorocentrum donghaiense and Alexandrium pacificum are three
key bloom species in the coast of the East China Sea (ECS), which have caused extensive
and recurrent blooms in the past decades [22]. In situ investigations have shown that
blooms in the coast of ECS exhibited the succession pattern, diatom blooms formed by
S. costatum or other diatom species usually occurred in the early spring (March) of each
year, then followed by dinoflagellate blooms formed by P. donghaiense and/or A. pacifium
(as A. catenella) [22,23]. Considerable data from the field investigations and mesocosm
experiments have demonstrated that eutrophication, especially the increasing input of N
from the Changjiang River is the major reason resulting in the occurrence of blooms in
ECS [24–26]. In early spring, the concentrations of NO3-N in the coastal waters of ECS were
high due to the supplements from the Changjiang River together with a strongly vertical
mixture of seawater in winter, which provided sufficient nutrients for phytoplankton
species, and results in the change of N:P ratio [27]. It has been postulated that “excess
nitrogen” resulted in a high N:P ratio and phosphate limitation in ECS, which promotes the
formation of large-scale dinoflagellate blooms in spring, and the shift of major causative
species from diatoms to dinoflagellates [27]. However, little is known about their inorganic
N requirements and preferences leading to large-scale blooms.

The present study investigated the uptake and enzymatic kinetics of nitrate and
ammonia among three typical bloom-forming algae in the ECS, S. costatum, P. donghaiense
and A. pacificum, and compared the affinity for inorganic N and abilities of inorganic
N uptake and assimilation. The goal of this study is to reveal the inorganic N uptake
characteristics of the three typical bloom species in the coastal waters of the ECS.

2. Materials and Methods
2.1. Algal Strains and Culture Conditions

S. costatum, P. donghaiense and A. pacificum were isolated from the coastal water of ECS,
China in May 2002. Fifty milliliters surface bloom waters (0.5 m depth) were collected,
and single cells of each strains were picked up under a microscope (Axio Imager A2, Carl
Zeiss, Germany) by serial dilution. The identified algal strains were maintained in the
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Culture Collection Center of Marine Algae, Xiamen University, China. Unialgal isolates
are routinely maintained in f/2 medium with (for S. costatum) or without SiO3

2− (for
P. donghaiense and A. pacificum) with sterilized seawater collected from the Taiwan Strait
(low N; station: 24.154095 N, 118.605045 E; salinity 33‰) at 20 ◦C under a 12:12 h light:dark
photoperiod at a light intensity of approximately 100 µmol m−2 s−1 provided by fluorescent
lamps. All glassware used in this study were washed with 30% HCl to remove ammonium
and trace metals, and thoroughly rinsed with Milli Q water before the experiment [8].

The exponential growing cells of the three algae species according to the results of the
cell count under a microscope (Axio Imager A2, Carl Zeiss, Jena, Germany; Objective lense
40×) were inoculated into new f/2 medium with low N, respectively, and 3.0 µM of NH4Cl
or NaNO3 was added every day to acclimate the algae species for about 5 generations.
When the inorganic N in the culture medium was exhausted, cells were cultured for 2 days
to deplete the intracellular N and used for experiments.

2.2. Time-Course Experiments

To determine the optimal time for nutrient uptake kinetic experiments, the time
course experiments were conducted [28,29]. At the exponential phase, A. pacificum and
P. donghaiense cells were harvested by centrifugation at 8000× g for 15 min and S. costatum
at 10,000× g for 20 min at 20 ◦C, cell pellets were washed with sterilized seawater collected
from the Taiwan Strait (low N). The cell pellets were resuspended in 2 L seawater (for
S. costatum) or without SiO3

2− (for P. donghaiense and A. pacificum) with f/2 medium
containing no N source, either 8.0 µM nitrate (NaNO3) or 4.0 µM ammonium (NH4Cl) was
added. The concentrations of nitrate and ammonium were analyzed at 0, 10, 20, 30, 40,
60, 90 and 120 min. The concentrations of nitrate and ammonium were determined after
filtering through a membrane filter (0.45 µm) and measured using continuous flow analysis
(CFA-SAN Plus; Skalar Analytik, Erkelenz, Germany) by the method of Wood et al. [30]
and Solórzano [31], respectively. Three 1-mL culture media samples were collected daily at
10:00 am for cell counting, and cell number was manually counted with a light microscope,
the concentrations of nitrate and ammonium, and the enzyme activity of nitrate reductase
(NR) and glutamine synthetase (GS) were also analyzed daily.

2.3. Nutrient Uptake Experiments

To obtain nitrate uptake rates, the acclimated S. costatum, P. donghaiense and A. pacificum
were inoculated into f/2 medium without N, NaNO3 was added to the final concentration
of 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 µM with the initial cell density about 1 × 104 cell mL−1,
respectively. For NH4

+ uptake rates, NH4Cl was added to the final concentrations of 0.25,
0.5, 1.0, 1.5, 2.0 and 3.0 µM, respectively. Concentrations of nitrate and ammonium were
analyzed at the end of the incubation time which has been determined in the time-course
experiments. All experiments were conducted between 10:00 and 12:00 am because no cell
division occurred according to the results of the cell count under a microscope.

2.4. Extraction of NR and GS

About 200 mL of A. pacificum and P. donghaiense cultures were harvested at the ex-
ponential growth phase with the cell density about 1 × 105 cell mL−1 by centrifugation
at 8000× g for 15 min at 4 ◦C, and about 400 mL of S. costatum culture was harvested at
the exponential growth phase with cell density of about 4 × 105 cell mL−1 by filtering
onto a polycarbonate membrane (3.0 µm, Millipore). The enriched cells of A. pacificum,
P. donghaiense and S. costatum from each culture were washed twice with sterilized low-N
seawater. Then, cells were centrifuged at 12,000 rpm for 2 min at 4 ◦C to remove the
supernatant, and cells were immediately frozen at −80 ◦C for preparation of crude enzyme.

The crude NR enzyme was prepared with 200.0 mM phosphate buffer (pH 7.9) contain-
ing 0.03% (w/v) dithiothreitol (DTT), 0.3% (w/v) polyvinyl pyrrolidone (PVP), 0.1% (v/v)
Triton X-100, 5 mM ethylene-diaminetetraacetic acid (EDTA) and 3% (w/v) bovine serum
albumin (BSA), with the help of a sonicator (Fisher, Waltham, MA, USA) under 280 W for
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2 s, 2 s interval, and 40 cycles. The cell debris were removed by centrifugation at 14,000× g
for 30 min and the suspension was collected for analysis of enzyme activity. The crude GS
enzyme were extracted using 50.0 mM Tris-HCl (pH 7.5) containing 2.0 mM DTE, 1 mM
EDTA and 2.5 mM MgCl2 with the help of a sonicator (Fisher, Waltham, MA, USA) under
280 W for 2 s, 2 s interval, and 40 cycles. The cell debris were removed by centrifugation at
14,000× g for 30 min. To remove pigments, a solution of 100.0 mM streptomycin sulphate
at pH 7.0 was added to the supernatant (0.1 mL per 1 mL). After stirring for 15 min at 4 ◦C,
the suspension was centrifuged at 14,000× g for 30 min.

2.5. Analysis of NR and GS Activities

NR activity was determined using the method of Lomas and Gelibert [11]. Briefly,
The crude enzyme extract (100 µL), flavin adenine dinucleotide (100 µL; FAD, 2.0 mM),
nicotinamide adenine dinucleotide (100 µL; NADH, 0.5 mM) and 200 mM phosphate buffer
(350 µL; pH 7.9) were added to a tube, and the reaction was initiated by adding 250 µL
200 mM KNO3. A second tube, the same buffer was added as control, and the third without
crude enzyme extract as a reagent blank. All tubes were incubated at 23 ◦C for 45 min,
then 2.0 mL of 550 mM zinc acetate was added to the first and the third tube to stop the
reaction. Zinc acetate was added to the second tube immediately after the reaction started.
The tubes were centrifuged and excess NADH was oxidized with the addition of 20 µL
125.0 µM phenazine methosulphate (PMS). Nitrite produced was measured by colorimetry
with sulfanilamide and N-(1-napthyl)-ethylenediamine solutions. A unit of NR activity
was calculated as the activity of nitrite production per minute.

GS activity was determined using the methods of Takabayashi et al. [32]. Briefly, to
one tube, the crude enzyme extract (100 µL), 1.0 M imidazole-HCl buffer (960 µL), 0.1 mM
glutamine (600 µL; pH 7.3), 0.01 mM MnCl2 (60 µL), 0.01 mM ADP (80 µL; pH 7.3), 1.0 M
K-arsenate (40 µL) and 2.0 M hydroxylamine (60 µL) were added. To the second tube, the
same solution was added as control. The third tube contained no crude enzyme extract
as a reagent blank. The reactions were conducted at 37 ◦C for 30 min and stopped by the
addition of 2.0 mL mixture (4.0 mL 10% FeCl3, 1.0 mL 24% trichloroacetic acid, 0.5 mL 6.0 M
HCl and 6.5 mL Milli Q water). In the second tube, the reaction was stopped immediately
when the solution was added. After stopping the reaction, the absorbance was measured
at 540 nm. One unit of GS activity was defined as the activity inorganic N produced
per minute.

2.6. Data Analyzing

Curve fitting was analyzed using a computerized, iterative non-linear least-squares
technique (Kaleidograph) which utilizes the Levenberg-Marquardt algorithm using the
software GraphPad [4]. Data were initially made linear and plotted using a double re-
ciprocal Hanes-Woolfe method [29]. The results were directly fitted to the Michaelis-
Menten formulation:

V = Vmax S/(Ks + S) (1)
where V is the maximum uptake rate (pmol cell−1 h−1 or fmol cell−1 h−1), Ks is the half-
saturation constant (µM) for the N substrate and S is the ambient N concentration (µM).
All data processing and statistical analyses were conducted using Sigmaplot Statistical
Software (version 8.0, SPSS Inc.).

3. Results
3.1. Reaction Time in N Uptake Kinetics Experiment

The nitrate and ammonium uptake rates of S. costatum, P. donghaiense and A. paci-
ficum as the functions of the ambient N concentrations are shown in Figures 1 and 2.
The uptake rates of nitrate were relatively constant for the first 20 min in all three species:
0.04–0.1 µmol min−1 for S. costatum, 0.06–0.07 µmol min−1 for P. donghaiense and
0.1–0.14 µmol min−1 for A. pacificum, then decreased to 0.02–0.04 µmol min−1,
0.0033–0.004 µM min−1 and 0.02 - 0.03 µmol min−1, respectively (Figures 1 and 2). Simi-
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larly, for ammonium, the first 10 min was selected because the uptake rate presented linear
relationship with the time.

3.2. Kinetics of Inorganic N Uptake by S. costatum, P. donghaiense and A. pacificum

The data from the short-term uptake experiment fitted well with a Michaelis- Menten
curve using N-deficient cells of S. costatum (r2 = 0.97 for nitrate and r2 = 0.93 for ammonium),
P. donghaiense (r2 = 0.95 for nitrate and r2 = 0.96 for ammonium) and A. pacificum (r2 = 0.97
for nitrate and r2 = 0.98 for ammonium). The Ks and Vmax obtained from the short-term
uptake experiments of nitrate and ammonium are shown in Tables 1 and 2. The Vmax for
nitrate were 0.02, 0.098 and 1.3 pmol cell−1 h−1, and Ks were 1.19, 5.98 and 10.02 µM for
S. costatum, P. donghaiense and A. pacificum, respectively, while the Vmax for ammonium were
0.037, 0.296 and 4.21 pmol cell−1 h−1 and the Ks were 1.12, 2.04 and 4.27 µM, respectively
for three species.
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Figure 1. The nitrate concentrations of N-starved cultures of Skeletonema costatum, Prorocentrum
donghaiense and Alexandrium pacificum after addition of nitrate (A,C,E) and the nitrate uptake rate
of S. costatum, P. donghaiense and A. pacificum as a function of the ambient nitrate concentration,
respectively (B,D,F). The curve was adjusted to the observed values using a method of the lowest
nonlinear square. Data are described as mean ± standard deviation (n = 3).
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Figure 2. Changes in ammonium concentrations of N-starved cultures of Skeletonema costatum,
Prorocentrum donghaiense and Alexandrium pacificum after addition of ammonium (A,C,E) and am-
monium uptake rate of S. costatum, P. donghaiense and A. pacificum as a function of the ambient
ammonium concentrations, respectively (B,D,F). The curve was adjusted to the observed values
using a method of the lowest nonlinear square. Data are described as mean ± standard deviation
(n = 3).

Table 1. Kinetics parameters for uptake of nitrate by Skeletonema costatum, Prorocentrum donghaiense
and Alexandrium pacificum.

Species KS
(µM)

Vmax
(pmol cell−1 h−1) Reference

Alexandrium catenella 7.7 — [33]
Alexandrium pacificum 10.02 1.30 Present study
Alexandrium catenella 0.6–28.1 — [34]

Alexandrium tamarense 2.84 — [35]
Alexandrium minutum 0.22–0.28 0.29–0.40 [9]

Gymnodinium catenatum 7.59 6.48 [8]
Prorocentrum donghaiense 5.98 0.098 Present study

Skeletonema costatum 1.19 0.021 Present study
Skeletonema costatum 0.4–0.5 0.063 [36]

Prorocentrum minimum 5.0 0.102 [11]
Thalassiosira weissflogii 2.8 0.310 [11]

Chaetoceros sp. 3.1 0.024 [11]
Pavlova lutheri 22.7 0.021 [11]

Note(s): Data are described as mean ± standard deviation (n = 3). “—” indicates not detected.
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Table 2. Kinetics parameters for uptake of ammonium by Skeletonema costatum, Prorocentrum
donghaiense and Alexandrium pacificum.

Species KS
(µM)

Vmax
(pmol cell−1 h−1) Reference

Alexandrium catenella 3.3 — [33]
Alexandrium pacificum 4.27 4.21 Present study
Alexandrium catenella 0.6–28.1 — [34]
Alexandrium minutum 0.25–0.33 0.65–0.82 [9]
Alexandrium tamarense 1.49 — [35]

Gymnodinium catenatum 33.6 3.37 [8]
Prorocentrum donghaiense 2.04 0.296 Present study

Skeletonema costatum 1.12 0.037 Present study
Skeletonema costatum 0.8–3.6 — [36]
Chattonella antiqua 2.19 2.02 [37]

Note(s): Data are described as mean ± standard deviation (n = 3). “—” indicates not detected.

3.3. NR Kinetics of S. costatum and P. donghaiense

The NR activity increased linearly with the incubation time within the first 40 min for
S. costatum but only 10 min for P. donghaiense (Figure 3). Therefore, the first 40 min was
selected as the reaction time for S. costatum and 10 min for P. donghaiense. However, NR
activity of A. pacificum was not detected.
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The kinetics of NR activity were examined at two ranges of NO3
− concentrations,

0 to 200 µM and 0 to 60 mM. Ks and Vmax for S. costatum and P. donghaiense at two nitrate
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concentration ranges are shown in Figure 4 and Table 3. For S. costatum, Ks and V max varied
slightly at different nitrate concentration ranges; however, P. donghaiense exhibited one Ks
and Vmax value. Ks of P. donghaiense was 2-fold higher than that of S. costatum.
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Table 3. Ks and Vmax values for the different levels of substrate NO3
− for Skeletonema costatum and

Prorocentrum donghaiense.

Species

Low Concentration High Concentration

ReferenceKS
(µM)

Vmax
(µmol NO2− min−1 (mg

protein)−1)

KS
(µM)

Vmax
(µmol NO2− min−1 (mg

protein)−1)

Skeletonemacostatum 82.69 2.26 91.29 2.4 Present study
Prorocentrumdonghaiense 168.48 0.29 168.48 0.29 Present study

Skeletonemacostatum 290 — — — [11]

Note(s): Data are described as mean ± standard deviation (n = 3). “—” indicates not detected.

3.4. GS Kinetics of S. costatum, P. donghaiense and A. pacificum

The GS activity increased linearly with the incubation time within the first 40 min for
both S. costatum and A. pacificum at the exponential phase. However, for P. donghaiense, the
GS activity increased linearly with the incubation time within the first 120 min (Figure 3).
Therefore, the first 40 min was selected as the reaction time for S. costatum and A. pacificum
and 120 min for P. donghaiense.

Ks and Vmax of S. costatum, P. donghaiense and A. pacificum at low and high ammonium
concentration ranges are shown in Figure 5 and Table 4. Ks and Vmax of S. costatum and
A. pacificum at low NH4

+ concentration range (0 to 200 µM) were lower than those at high
NH4

+ concentration range (0 to 3 mM). However, for P. donghaiense, Ks and Vmax were
the same at two NH4

+ concentration ranges, 0.043 µmol and 0.85 µmol PO4
3− min−1

(mg protein)−1, respectively.

Table 4. Km and Vmax values for the different levels of substrate NH4
+ for Skeletonema costatum,

Alexandrium pacificum and Prorocentrum donghaiense.

Species

Low Concentration High Concentration

ReferenceKS
(µM)

Vmax
(µmol PO43− min−1 (mg

protein)−1)

KS
(µM)

Vmax
(µmol PO43− min−1 (mg

protein)−1)

Skeletonemacostatum 9.30 0.34 41.1 0.57 Present study
Prorocentrumdonghaiense 0.04 0.85 0.04 0.85 Present study

Alexandriumpacificum 0.16 1.15 10.35 1.66 Present study
Skeletonema costatum 8.20 0.32 — — [38]

Isochrysisgalbana 8.20 0.22 — — [38]
Pavlovalutheri 1.80 0.39 — — [38]

Note(s): Data are described as mean ± standard deviation (n = 3). “—” indicates not detected.
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4. Discussion
4.1. Uptake Kinetics of Inorganic N by S. costatum, P. donghaiense and A. pacificum

The kinetic parameters of N uptake can be used to evaluate the preference for different
N substrate at low and high ambient N concentration representative of oligotrophic and
eutrophic areas. Ks and Vmax have been used as indicators of marine phytoplankton ability
to take up nutrients at low and/or high concentrations, respectively. Ks is regarded as
an index of cell affinity to nutrients and ecologically significant in respect of interspecific
competitive interactions [39]. While Vmax is usually obtained using nutrient concentrations
far higher than those in the natural environment, which will be useful in predicting species
response to episodic high nutrient pulses, such as those following an upwelling or discharge
event [40]. Previous studies have shown that diatoms exhibit significantly lower Ks values
and higher NO3

− uptake rates than dinoflagellates [11,39,41]. In the present study, the
Ks of nitrate and ammonium in S. costatum was lower than those of P. donghaiense and
A. pacificum, indicating that S. costatum possessed higher affinity to inorganic N than
P. donghaiense and A. pacificum in the environment with low inorganic N concentrations.
It is well known that cell size and shape determine species-specific differences in Ks
values to some extent suggesting that the Ks presented a positive relationship with cell
size. Cell size of A. pacificum is 17,724.29 × 4358.20 µm3, much larger than P. donghaiense
(1798.87 × 511.99.20 µm3) and S. costatum (113.29 × 52.43 µm3) (Table 1), respectively [42].
Cell size not only influences Ks, but also causes an impact on maximum specific nitrogen
uptake rates [43]. The cell volume can be addressed by normalizing uptake rates to either
biomass or cellular surface area. Among the three bloom species, A. pacificum has higher
surface area normalized NO3

− and NH4
+ uptake rates than P. donghaiense and S. costatum
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(Tables 1 and 2). This is consistent with the previous conclusion that Vmax is functionally
related to and positively correlated with K s [39,40,43,44].

It has been demonstrated that different affinities for ammonium versus nitrate as a
nitrogen source may favor some species [7–9], some phytoplankton species can utilize low
concentrations of NH4

+ more efficiently than equivalent concentrations of NO3
− because

less energy is required to incorporate ammonia instead of nitrate which requires reduction
with the help of the NR [1,3]. In the present study, the Vmax-NH4

+ for N-starved cells of
three algal species was higher than the Vmax-NO3

−, while Ks-NH4
+ for N-starved cells of

the three species was lower than Ks-NO3
−, indicating that three species have higher affinity

for NH4
+ than for NO3

−. Based on our experiments, the preference for inorganic N among
the three species followed the order: NH4

+ > NO3
− when high ambient N conditions were

added into N-starved cultures.
With the kinetic data taken as a whole, the patterns of nitrate uptake for the three

species are consistent with what would be expected for a two-component nitrate uptake
system: S. costatum belongs to high-affinity and low-capacity constitutive component,
and A. pacificum and P. donghaiense belong to low-affinity and high-capacity inducible
uptake component. This different nutrient utilization strategy among three species may
have determined their competitive ability to nutrients in ambient nutrient concentration,
i.e., S. costatum present a high competitive ability to nitrogen nutrients compared to other
two species.

4.2. Enzymatic Kinetics of Inorganic N by S. costatum, P. donghaiense and A. pacificum

Enzymes involved in the N metabolism have been investigated extensively. Many
phytoplankton species were found to have a diel periodicity in cell division, nitrate, ammo-
nium uptake and NR activity [16,45,46], and consequently, species-specific differences in
patterns of diel periodicity can lead to different responses. The difference between diatoms
and dinoflagellates appears to be in the phasing of peak NR activity. Diatoms consistently
have a maximum NR activity after 3 h of illumination [47]. However, dinoflagellates have
a much more varied phasing of maximum NR activity ranging from 3 to 9 h after the
beginning of the photoperiod [48,49]. The data presented here were collected at 9:00 to
10:00 am, 3 h after the light is turned on. The Ks values for the diatom, S. costatum ranged
from 0.082 to 0.29 mM, fall in a wide range of previous studies [38,50–52]. The Ks values
for P. donghaiense were 2-fold higher of those for S. costatum, and the Vmax-NR rates for
S. costatum are nearly 10-fold of those for P. donghaiense, which suggested that both the
affinity for intracellular nitrate and the reduction rate of nitrate to nitrite in S. costatum was
higher than that in P. donghaiense. However, NR activity of A. pacificum was not detected,
which might be due to the low expression or activity of NR enzyme in A. pacificum.

Since the discovery of the enzyme GOGAT, many studies have been devoted to GS
activity in different algal species. GS activity is also known to have a diel periodicity
by exhibiting the maximum value during the dark period and the minimum during the
light period [53,54]. In the present study, samples were collected at 9:00 to 10:00 am
after a 3-h photoperiod. The GS exhibited a very low Ks for ammonium compared to
the previous studies. Bressler and Ahmed [38] investigated GS activities of 15 marine
phytoplankton species and found Km-NH4

+ values were quite low, from 1.8 to 8.2 µM.
The value of the apparent Michaelis constant for the physiological activity of the purified
enzyme for ammonium was 0.05 mM in a green algae, Monovaphidium braunii [53]. In
a marine environment, nutrients are always limited for phytoplankton species, and the
ability to store nutrients and efficiently utilize N is important. Phytoplankton species have
evolved different mechanisms to adapt to the critical conditions limiting their growth. Some
species have the ability to absorb ammonium from the environment at an accelerated rate,
while other species can utilize and assimilate ammonium through a highly efficient enzyme
system which presents a high affinity for this ion [1,40]. In the present study, Ks-GS for NH4

+

was investigated at low and high NH4
+ levels, Ks-GS of S. costatum and A. pacificum showed

a direct increase with the increasing ammonium concentrations, while Ks of P. donghaiense
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was the lowest and presented only one value at low and high ammonium concentration
ranges, indicating P. donghaiense possesses the highest affinity for intracellular ammonium
compared to other two species.

In early spring, the coastal water of ECS with strongly vertical mixture in winter pro-
vide sufficient N for phytoplankton, S. costatum with low Ks and high Vmax recover rapidly
from N-starvation conditions, as well as its high growth rate comparing to dinoflagellates,
S. costatum becomes the dominant species. At the end of the bloom of S. costatum, nutrients
were consumed, which inhibited cell division and growth of S. costatum. Meanwhile, di-
noflagellates began to bloom using their storage nutrients as well as their high affinity to
NH4

+, high ammonium assimilation rate.

5. Conclusions

Our results characterized the affinities and abilities for inorganic N uptake and assimi-
lation among three typical bloom-forming algae in the ECS, S. costatum, P. donghaiense and
A. pacificum by investigating the uptake and enzymatic (NR and GS) kinetics for nitrate
and ammonia. S. costatum with low Ks of nitrate and ammonium possessed high affinity
to inorganic N in competition with P. donghaiense and A. pacificum under low inorganic N
conditions. While A. pacificum possessed higher NO3

− uptake rates than P. donghaiense and
S. costatum during the starvation phase. A. pacificum has higher surface area normalized
NO3

− and NH4
+ uptake rates than P. donghaiense and S. costatum. The differences in uptake

and assimilation strategy for inorganic N among the three species might contribute to the
formation of blooms in the coastal of ECS.
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