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ABSTRACT 

Nitrogen (N), phosphorus (P) and Iron (Fe) are im- 
portant nutrients for phytoplankton, and they are the 
key limiting nutrients in many marine systems. In the 
present study, growth and protein expression of ma- 
rine phytoplankton Prymnesium parvum under dif- 
ferent nitrate, phosphate and iron conditions were in- 
vestigated in order to evaluate whether proteins and 
their expression level could be used as biomarkers of 
N, P, and Fe conditions in aquatic systems. The grow- 
th of P. parvum increased with the increase of nitrate, 
phosphate and iron concentrations in the culture me- 
dium. Protein expression levels also differed signifi- 
cantly (p < 0.001) for different nitrate, phosphate and 
iron conditions in the culture medium. The expres- 
sion level of an 83 kDa protein at 0 and 5 µM nitrate 
treatments differed significantly (p < 0.001) from 
those at 20, 30, 50 and 100 µM nitrate treatments, in- 
dicating the expression levels of this protein as a bio- 
marker of N status in the culture medium. A 121 kDa 
protein was up-regulated at phosphate stress condi- 
tions ([P] ≤ 1.0 µM), while this protein was not ex- 
pressed at phosphate replete conditions ([P] ≥ 5 µM). 
Therefore, the expression of 121 kDa protein in P. 
parvum is indicative of phosphate deplete condition in 
aquatic systems. The expression level of a 42 kDa was 
significantly higher (p < 0.01) at Fe-stress condition 
([Fe] = 0.01 µM) than Fe-replete conditions ([Fe] ≥ 0.1 
µM). In addition, a new protein of 103 kDa was only 
expressed under Fe-deplete condition ([Fe] = 0.01 
µM). Therefore, the 42 and 103 kDa proteins can be 

used as a biomarker of Fe-limitation condition of 
aquatic systems. However, further studies (two di- 
mensional gel electrophoresis and mass spectrometry) 
are needed to identify and characterize these proteins 
in P. parvum.  
 
Keywords: Phytoplankton; Protein; Biomarker; 
Nitrogen; Phosphorus; Iron; Aquatic Systems 

1. INTRODUCTION 

Primary productivity of aquatic systems is frequently 
rate-limited by the availability of nutrients. Principally 
this involves limitations of nitrogen (N), phosphorus (P) 
and iron (Fe) [1-3]. Nitrogen is an important nutrient for 
phytoplankton and is a major element of proteins, nucleic 
acids, chlorophylls, amino acids, N-containing osmolytes 
(glycine betaine) and chitin [4]. Nitrogen has been con- 
sidered to be the predominant limiting nutrient in many 
coastal and deep sea systems [5,6], which is assumed to 
be responsible for the decrease of primary production of 
the aquatic systems [6,7]. Phosphorus is also an obligate 
requirement for all organisms, which is used for RNA, 
phospholipid and DNA biosynthesis [8]. It is also an 
important component of many cellular substrates such as 
glucose phosphate coenzymes, Adenosine triphosphate 
(ATP), Cyclic adenosine monophosphate (cAMP), Inosi- 
tol triphosphate (IP3), and inorganic polyphosphate re- 
serves [4]. Several studies have shown that many marine 
systems such as the Subtropical Pacific waters [9], the 
Mediterranean Sea [10], the Sargasso Sea [11], the North 
Pacific subtropical gyre [12], and the Atlantic Ocean [9] 
are P limited, which has been an important concern for a 
sustainable and healthy aquatic environment. Sa study by *Corresponding authors. 
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Elser et al. [6] showed that P limitation is equally strong 
and important concern to N limitation across marine and 
freshwater systems. 

Iron comprises the central part of chlorophyll-a (Chl-a) 
molecule, and it is involved in many cellular biochemical 
processes such as photosynthesis, respiration, nitrogen 
fixation and nitrate, nitrite, and sulfate reductions [13]. 
Several studies have identified Fe as a limiting nutrient 
for phytoplankton [14,15] that controls the primary pro- 
ductivity in many high nutrient and low chlorophyll open 
seas such as the equatorial Pacific and Southern Ocean 
[10,16]. Iron limitation is also a major factor that control 
phytoplankton growth in the subarctic Pacific and the 
North Atlantic oceans [17]. 

A bioindicators, which are defined as organisms or 
biological responses that reveal the presence of chemi- 
cals in the environment by producing typical symptoms 
or measurable responses, have been widely accepted for 
monitoring ecological risks of environmental pollutants 
[18]. Usually, biological species or group of species, 
whose function, population, or status can reveal what de- 
gree of ecosystem or environmental integrity is present, 
are used as bioindicator. However, with the advancement 
of biotechnology, cellular macromolecules such as phy- 
tochelatins [19-21], glutathione [20], phospholipid fatty 
acid [22], proteins [23-27], and RNA [23] have also been 
used as bioindicators of metals, nutrients, and environ- 
mental pollutants in order to monitor and assess their 
ecological risks. In addition, several studies have shown 
that the expression levels of certain proteins [e.g., circu- 
lating reactive protein; CRP [25], heat shock protein; 
Hsp70 [26] can also be used as bioindicators of exposure 
to environmental contaminants and stressors. In the pre- 
sent study, the growth responses and protein expressions 
of unicellular marine phytoplankton Prymnesium parvum 
(Haptophyta) under different conditions of N, P and Fe 
were investigated under laboratory conditions in order to 
assess the potential of protein expression levels as bioin- 
dicators of nutritional conditions in aquatic systems. 

2. MATERIALS AND METHODS 

2.1. Phytoplankton Pre-Culture and 
Maintenance 

Marine microalga P. parvum was collected from Fuku- 
yama Bay, Hiroshima, Japan (This strain is gently pro- 
vided from Prof. I. Imai, Hokkaido University, Japan). 
The microalgal strain was axenic (axenicity was assessed 
and monitored by 4’6-diamidino-2-phenylindole (DAPI) 
test). The axenic microalgal strain was pre-cultured for 
two weeks in 30-mL polycarbonate bottles with modified 
f/2 culture solution in artificial seawater without nitrogen 
( 3NO  ), phosphate ( ), and Fe (FeCl3) (Table 1)  3

4PO 

Table 1. Composition of in modified f/2 culture medium in 
artificial seawater used for growing phytoplankton. 

Nutrient Concentration (Mole) 

NaNO3 
* 

NaH2PO4·2H2O * 

Na2SiO3·9H2O 3.52 × 10−5 

SeO2 1.00 × 10−8 

CoSO4·7H2O 4.27 × 10−8 

ZnSO4·7H2O 7.30 × 10−8 

MnCl2·4H2O 9.09 × 10−7 

CuSO4 5H2O 2.80 × 10−8 

Na2MO4·2H2O 2.89 × 10−8 

FeCl3 
* 

Vitamin B12 3.69 × 10−10 

Biotin 2.05 × 10−9 

Thiamin HCl 2.97 × 10−7 

HEPES 5.04 × 10−6 

*Nitrogen, phosphorus and iron was not added to the medium when it was 
used for the microalgal pre-culture. However, different concentrations of N, 
P and Fe were used in f/2 growing medium in artificial seawater to inves- 
tigate the effect of these nutrients on algal growth and protein expression. 

 
[28,29].  

2.2. Chemical Treatments and Growth 
Measurement 

Nitrogen concentrations (prepared from NaNO3; Kanto 
Chemicals, Tokyo, Japan) of the culture medium were 5, 
20, 30, and 50 μM. was used to prepare the solutions. 
Phosphate solution was prepared from NaH2PO4·2H2O 
(Wako Pure Chemicals, Osaka, Japan), and treatment 
concentrations were 10, 5, 1, 0.5 and 0.3 μM. The Fe 
concentrations (prepared from FeCl3; Kanto Chemicals, 
Tokyo, Japan) in the culture medium were 1, 0.7, 0.3, 0.1 
and 0.01 μM. 10 - 5 M. A control treatment of the nu- 
trients (N, P and Fe) were also included in each of the 
experiments. All other chemicals and reagents used in 
this study were of analytical grade. 

Phytoplankton growth was measured on the basis of 
optical density using a spectrophotometer (U-2000, Hita- 
chi High Technologies, Japan) at a wavelength of 540 
nm (OD540) following the same method of Maki et al. 
[30]. The experiment was replicated for three times. 

2.3. Growing of Phytoplankton 

The phytoplankton strain was grown in 1-L polycar- 
bonate bottles containing modified f/2 culture medium in 
artificial seawater (Table 1). The polycarbonate bottles 
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and culture medium were sterilized (MLS-3780, SANYO, 
Japan) before suing them in the experiment. FeCl3 (10-5 
M) solution (in 1 M HCl) was placed in the autoclave 
machine in a separate bottle to avoid Fe contamination. 
Then FeCl3 solution was mixed with the modified f/2 
growing medium. The tips and micropipettes used in the 
test were also sterilized by autoclaving (wrapping with 
aluminium foil). Sterilization was done at 121˚C for 30 
min. After sterilization, the materials were placed in a 
clean bench (MCV-710ATS, Sanyo, Japan) and was kept 
under ultra violet ray for 20 min. 

There was no scope of contamination during the steri- 
lization process. On the other hand, all chemicals and 
their method/source of preparation were carefully selec- 
ted to avoid any contamination. Before adding Fe (10 - 5 
M as FeCl3) to the sterilized growing medium, Fe con- 
centration of the medium was measured and was found 
below 0.001 μM in every measurement. Ethylenediami- 
netetraacetic acid (EDTA), a source of Fe contamina- 
tion, was not used in this study. Since Fe (10 - 5 M as 
FeCl3) was added to the growing medium after steri- 
lization, and the phytoplankton were grown only 15 d, 
the possibility of precipitation of added FeCl3 was mi- 
nimal, and EDTA was not necessarily required. 

A 5 mL solution of phytoplankton strains (2 × 103 
cells mL-1 phytoplankton in logarithmic growth phase) 
was inoculated in 1 L of modified f/2 growing medium 
under laminar air flow condition. Then the phytoplank- 
ton was grown at 20˚C ± 2˚C temperature in the growth 
chamber with light and dark schedule 14:10 h and light 
intensity of 188 μE m−2·S−1. 

2.4. Protein Extraction 

After reaching logarithmic growth phase, the phyto- 
plankton growth solution was transferred to a 50-mL 
centrifuge tube and centrifuged at 1800 rpm (relative 
centrifugal force; g = 450) for 10 min at 4˚C. 

The supernatant was removed and the phytoplankton 
pellet was washed twice using 2 mL of 10 mM Tris-HCl 
(pH 7.2). Then 1.5 mL of 10 mM Tris-HCl was added to 
the sample to make a phytoplankton cell suspension. One 
mL of the phytoplankton cell suspension was transferred 
to a 1.5-mL micro-tube and sonicated for 20 seconds 
using an ultrasonic homogenizer (UH-50, Surface Mount 
Technology (SMT), Japan) at output 5 under ice-cold 
condition. The phytoplankton cell suspension was then 
centrifuged at 15,000 rpm (g = 14,000) for 10 min at 4˚C. 
The supernatant was then transferred to centrifugal filter 
unite (Amicon Ultra-4, MWCO of 5000 Da, Millipore). 
The proteins were recovered on the filters after being 
concentrated by centrifugation at 2000 rpm (g = 550) for 
60 min at 4˚C. 

2.5. Gel Electrophoresis of Protein 

After adding 3.75 μL of 20% Triton X-100 

[C14H22O(C2H4O)n] and 3.75 μL of 50 mM MgCl2 to 30 
μL of protein sample of Fe-deplete and Fe-rich treat- 
ments, the samples were incubated in ice for 60 min. 
Equal volume (37.5 μL) of the sample and buffer solu- 
tion (125 mM Tris-HCl, 4% sodium dodecyl sulfate 
(SDS), 10% 2-mercaptoethanol, 10% sucrose, 0.004% 
bromophenol blue (BPB), pH 6.8) were then mixed to- 
gether and then incubated for 3 min at 95˚C. A molecular 
weight marker (MWM) was diluted by 20-times and an 
equal volume (30 μL) of MWM and buffer were mixed 
together and then incubated for 3 min at 95˚C. A 20 μL 
protein sample and MWM were loaded in 14% poly- 
acrylamide gel. The gel was then run in a mini pageRun 
system (AE-6531, ATTO bioscience & Biotechnology, 
Japan) for 100 min at 40 mA current using buffer solu- 
tion prepared with 25 mM Tris-HCl, 0.1% SDS, 192 mM 
glycine. After electrophoresis, the gel was stained by 
AgNO3 staining following the procedure of Gromova 
and Celis [31]. The molecular weights of protein bands 
were then measured by Alpha-Ease FC (v 4.0) software. 

2.6. Statistics 

One-way ANOVA of the growth and protein expression 
data was performed with GraphPad InStat (GraphPad 
Software, USA) to assess the significant differences 
among the mean values of the nutrient treatments. 

3. RESULTS AND DISCUSSION 

3.1. Growth of Phytoplankton under Different 
N, P, and Fe Conditions 

The growth of marine phytoplankton P. parvum was 
largely affected by N, P and Fe concentrations in culture 
medium (Figure 1(a)). Phytoplankton growth was the 
highest at 100 µM nitrate concentration and the lowest in 
N starvation (0 - 5 µM nitrate concentrations). In fact, 
phytoplankton growth was gradually increased with the 
increase of nitrate concentration in the culture medium. 
However, the growth of the organism decreased gradual- 
ly after day 12, which may be because of gradual de- 
crease of N concentration in the culture medium with ex- 
posure time due to uptake by the organism. The phyto- 
plankton did not grow when phosphate was not added to 
the culture medium. Compared to 0.3 - 1.0 µM phosp- 
hate treatments, the growth of P. parvum was signifi- 
cantly (p < 0.05) higher under 5 - 10 µM phosphate treat- 
ments (Figure 1(b)). Phosphorus and nitrogen limitation 
of phytoplankton growth has been well documented in 
previous studies [32,33] due to the fact that these nu- 
trients are involved in many biochemical reactions in- 
cluding proteins, nucleic acids, chlorophylls and amino 
acids biosynthesis in photosynthetic organisms [4,8]. 

The marine phytoplankton P. parvum showed normal 
growth at Fe concentration of 0.1 µM or above, and  
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(a) 

 
(b) 

 
(c) 

Figure 1. Effect of nitrate (a), phosphate (b) and iron (c) 
concentrations on the growth of Prymnesium parvum. The 
growth measurement was performed based on the optical 
density at a wavelength of 540 nm (OD540). Data are mean 
± SD (n = 3). 

 
growth was significantly reduced (p < 0.05) at 0.01 µM 
Fe concentration (Figure 1(c)). In marine systems, Fe 
has been identified as a limiting nutrient for phytoplank- 

ton [14,15] that reduce phytoplankton grown and pri- 
mary productivity in many open seas such as the equato- 
rial Pacific and Southern Ocean [10,16] and the subarctic 
Pacific and the North Atlantic oceans [17]. The growth 
reduction under Fe-trace condition may associated with 
the fact that this nutrient play important roles in many 
cellular biochemical processes such as photosynthesis, 
respiration, nitrogen fixation, and nitrate, nitrite, and sul- 
fate reductions [13]. 

3.2. Proteomic Expression of P. parvum in 
Response to Different N, P, and Fe 
Conditions 

Protein expression of the marine phytoplankton P. 
parvum was studied under different conditions of nitrate, 
phosphate and iron in the culture medium. Results 
showed that that P. parvum changes the expression levels 
of certain proteins in response to different concentrations 
of the nutrients. For example, an 83 kDa protein was 
highly expressed in P. parvum at 5 µM nitrate treatment, 
and it’s expression was significantly down-regulated (p < 
0.001) at higher nitrate treatments (20 - 100 µM) (Figure 
2). The expression level of this protein at 0 µM nitrate 
treatment was also significantly lower (p < 0.001) than 
that at 5 - 100 µM nitrate treatments (Figure 1(b)). In the 
present study, we did not identify and characterize the 83 
kDa protein, however, Palenik and Koke [34] reported 
the expression of a N-regulated cell membrane or cell 
wall bound protein (nrp1) of similar molecular weight 
(82 kDa) under N-limitation in two strains of a sin- 
glecelled planktonic alga Emiliania huxleyi. Although 
Palenik and Koke [34] reported the expression of 82 kDa 
protein under N-deplete condition, the 83 kDa protein 
was expressed under both N-deplete and N-replete con- 
ditions, however, the expression levels differed for N- 
deplete and N-replete conditions (Figure 2(b)). There- 
fore, the expression levels of the 83 kDa protein can be a 
useful biomarker for N conditions in an aquatic system. 

The levels of protein expression in P. parvum also 
differed significantly for different phosphate concen- 
trations in the culture medium. Prymnesium parvum ex- 
pressed a new protein of 121 kDa at phosphate concen- 
trations of ≤1 µM, and this protein was not expressed at 
phosphate concentrations ≥ 5 µM (Figure 3). It is nota- 
ble that P. parvum showed a significant growth reduction 
(p < 0.05) at phosphate concentrations of ≤1 µM (Figure 
1(b)), in which the 121 kDa protein was upregualted. 
Therefore, this protein in P. parvum can be used as a 
biomarker of P-deplete condition of an aquatic system. 
Further studies on the identification and characterization 
of the 121 kDa protein are needed in order to better un- 
derstand the molecular functions of this protein under 
P-deplete condition. 
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(a)                                                       (b) 

Figure 2. (a) Protein expression of marine phytoplankton Prymnesium parvum in sodium dodecyl sulfate (SDS) 
gel electrophoresis under different nitrate concentrations. Lane M is the molecular marker. Arrow indicates pro- 
tein band that was differentially expressed under different nitrate concentrations; (b) Expression levels of 83 kDa 
protein under different nitrate concentrations. Different letters on the bars indicate significant difference (p < 
0.001) between the treatments. 

 

 
(a)                                                       (b) 

Figure 3. (a) Protein expression of marine phytoplankton Prymnesium parvum in sodium dodecyl sulfate 
(SDS) gel electrophoresis under different phosphate concentrations. Lane M is the molecular marker. Ar- 
row indicates protein band that was differentially expressed under different nitrate concentrations; (b) Ex- 
pression levels of 121 kDa protein under different phosphate concentrations. Same letter on the bars indi- 
cate no significant difference (p > 0.05) between the treatments. 
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Compared to Fe-replete conditions ([Fe] ≥ 0.1 µM), 

the expression of a 42 kDa protein increased signifi- 
cantly (p < 0.01) and a new protein of 103 kDa was ex- 
pressed under Fe-deplete condition ([Fe] = 0.01 µM) 
(Figure 4(a)). The up-regulation of 42 kDa protein has 
also been reported in cyanobacteria (Synechococcus, 
Trichodesmium, and Crocosphaera spp. [35] and Syne- 
chococcus sp. [36]) under Fe-depleted condition. This 
protein has been characterized as a cytoplasmic mem- 
brane carotenoprotein of the cyanobacterium Synecho- 
coccus sp. strain PCC7942 by Reddy et al. [37] which is 
involved in Fe-deficient growth of the cyanobacterium. 
In a later study, Webb et al. [35] identified the 42 kDa 
protein as membrane-bound iron deficiency-induced pro- 
tein A (IdiA) homologue. Webb et al. [35] proposed this 
protein as an excellent biomarker for Fe stress in open- 
ocean cyanobacterial field populations. The present study 
showed that marine phytoplankton P. parvum also ex- 
pressed the 42 kDa protein in response to Fe-stress 
condition, which can be used as a biomarker of Fe-stress 
condition of marine systems. However, further study is 
needed to characterize this protein in order to better 
understand the cellular functions in P. parvum. 

A new protein of 103 kDa was expressed only under 
Fe-deplete condition (Figure 4(a)). Prinz and Tommas- 
sen [38] reported the expression of a 103 kDa protein in 

a bacterium (Neisseria meningitidis), and characterized 
as a Fe-regulated outer membrane protein of the orga- 
nism. The present study reports the expression of 103 
kDa protein in marine phytoplankton P. parvum in re- 
sponse to Fe-limitation, and we propose this protein as a 
potential biomarker of Fe-deplete condition of marine 
systems. 

3.3. Proteins and Their Expression Levels as 
Biomarker of N, P and Fe Status in 
Aquatic Systems 

A biomarker, an indicator of a biological state, has been 
widely used in many scientific fields such as medicine, 
cell biology, geology, astrobiology and ecotoxicology. 
The nature of biomarkers and the objectives of their use 
differ for scientific fields. For example, in cell biology 
biomarker is a molecule that facilitates the characteri- 
zation of a cell type, their identification, and eventually 
their isolation. In ecotoxicology, biomarkers are used to 
indicate an exposure to or the effect of xenobiotics which 
are present in the environment and in organisms. 

Biomarkers have been used in order to monitor the 
health of an environment or ecosystem and the ecologi- 
cal risks of pollutants [18]. Biomarkers can be measured 
at molecular, biochemical, cellular, or physiological 

 

 
(a)                                                       (b) 

Figure 4. (a) Protein expression of marine phytoplankton Prymnesium parvum in sodium dodecyl sulfate 
(SDS) gel electrophoresis under different iron concentrations. Lane M is the molecular marker. Arrows in- 
dicate protein bands that were differentially expressed under different iron concentrations. The 103 kDa 
protein only expressed under iron-deplete condition, while a 42 kDa differentially expressed under differ- 
ent iron concentrations; (b) Expression levels of 42 kDa protein under different nitrate concentrations. Dif- 
ferent letters on the bars indicate significant difference (p < 0.01) between the treatments.  
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levels of biological organization [39]. The use of pro- 
teins [27,40,41] and their expression level [25,26] in mi- 
croorganisms have been proposed as biomarkers of nu- 
trient and heavy metal conditions in aquatic systems. In 
the present study, we also have found several proteins to 
be differentially expressed in marine phytoplankton P. 
parvum in response to different exposure levels of nitrate, 
phosphate and iron. We proposed for the present study 
that the expression levels of an 83 kDa protein in P. par- 
vum can be used as the biomarker of N-status, while a 
121 kDa protein can be used as a biomarker of P-deplete 
condition in aquatic systems. In addition, a 103 kDa pro- 
tein expression in P. parvum can be the indication of Fe- 
limitation, while the expression level of a 42 kDa protein 
can used as a biomarker of Fe-status (deplete or replete 
conditions) in aquatic systems. In the present study, we 
could not characterize and identify these proteins. Fur- 
ther studies are needed to identify the location of the 
proteins and to characterize the proteins to understand 
the role of the proteins in cellular metabolic pathways of 
P. parvum. 
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