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ABSTRACT 
 

Nitrogen is an important nutrient to support primary production in the ocean.  

Limited amounts of DIN (ammonium and nitrate) are supplied in the open ocean and may 

control the growth of phytoplankton such as diatoms.  Diatoms are capable of taking up 

nitrate via a nitrate transporter (Nrt2), then converting it to ammonium by nitrate and 

nitrite reductases (Nr/Nir) and then into glutamine via glutamine synthetase (GSII).  

Thus, Nrt2, NR and GSII genes are essential genetic systems for nitrate uptake and 

assimilation in diatoms. However, the transcriptional regulation of the genes involved in 

nitrate uptake and assimilation is limitedly understood in marine diatoms. Thus, I 

conducted transcriptional expression analysis of nr, nrt2 and gsII genes in two diatom 

species, Thalassiosira weissflogii and Thalassiosira pseudonana under three different 

nitrogen conditions (NO3
- 

, NH4
+, NO3

-+ NH4
+). Quantitative Reverse Transcriptase PCR 

(QRT-PCR) was conducted using the One Step SYBR Green kit with specific primers for 

each gene. I hypothesized that the genes are up-regulated or down-regulated depending 

on DIN availability, which correlates with diatom growth. Based on triplicate culture 

experiments, the transcripts of three genes were induced when nitrate was present in the 

cultures of both species.  However, in the presence of ammonium, the expressions of 

three genes were repressed in T. pseudonana but T. weissflogii exhibited NH4
+ repression 

on the nr gene only.  The expression was maximized when external nitrogen was 

depleted in both cultures.   In addition, the transcriptional regulation of the genes in T. 

pseudonana was coupled while T. weissflogii demonstrated an un-coupled response 

among the gene expressions. This indicates that different N utilization strategies are 

implemented in the diatom cells with different sizes. 
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INTRODUCTION 

 

The nitrogen cycle in the ocean is very important to primary production in the 

photic zone, because production is heavily dependant on nitrogen supply (Collos and 

Vaquer 2005). Nitrogen (N) is incorporated in the most important structural and 

functional macromolecules like proteins and nucleic acids (Berges and Harrison 1995).  

Proteins contain about 15% nitrogen and nucleic acids contain about 13% nitrogen 

(Inokuchi et al. 2002).  However, the concentration of biologically available inorganic N 

in open ocean is relatively low (<0.03 to 0.1µM) and, is immediately consumed by 

phytoplankton for primary production (Zehr and Ward 2002).  For this reason nitrogen is 

often considered as the limiting nutrient in marine ecosystems. The most common forms 

of inorganic nitrogen available for uptake by phytoplankton are ammonium and nitrate 

(Dham et al. 2005). While ammonium is regenerated in the photic zone by 

ammonification, nitrate is produced as a major nitrogen source by nitrification (Berges 

and Harrison 1995) and supplied by periodic upwelling at coastal ecosystems (Smith et 

al. 1992).  Nitrate is usually the most abundant form of N available however, diatoms 

have a general preference for the more reduced form of nitrogen; ammonium (Harrison et 

al. 1996).   

Diatoms are imperative organisms in global primary production.  They are one of 

the most productive groups of unicellular marine algae and are estimated to fix as much 

carbon per year as all the terrestrial rain forests (Field et al. 1998).  Diatoms have the 

ability to grow very rapidly when exposed to high nutrient concentrations causing 

massive blooms.  Blooms in coastal systems most often occur under conditions of high 



nitrate concentrations (Lomas and Gilbert 2000) coinciding with springtime upwelling 

events (“spring blooms”) or due to new nutrient inputs from terrestrial run-off. Seasonal 

blooms in particular are critical in establishing the oceans food webs and annual fisheries 

production.      

N uptake in diatoms is initiated with specific transporter proteins.  Ammonium is 

transported into the cell via ammonium transport proteins.  Ammonium is in a reduced 

state and is converted directly into glutamine via the glutamine synthetase.  Glutamine 

undergoes further enzymatic systems for the biosynthesis of amino acids and proteins 

(Chen and Silflow 1996).   On the other hand nitrate is taken into a cell via the nitrate 

transporter protein and then reduced into nitrite then into ammonium which can then be 

assimilated into the cell via glutamine and glutamate synthetase (Dortch 1990).  Since 

nitrate has to be further reduced than ammonium the cell prefers ammonium uptake 

(Hildebrand and Dahlin 2000) and if there is adequate ammonium in the system the 

nitrate uptake is inhibited (Vergara et al. 1998). It is generally believed that little or no 

nitrate uptake occurs when ammonium concentrations are above 1 µM (Dortch 1990).  

This process is called ammonium inhibition on nitrate assimilation.  However, this 

phenomenon has been found to be highly variable (Dortch 1990) and should be studied at 

the enzymatic and genetic levels to gain better understanding of N metabolism 

regulations in diatoms.  

Nitrate transport is the key in controlling the efficiency of nitrogen assimilation 

(Galvan and Fernandez 2001). In higher plants nitrate entry into a cell requires active 

transport systems.  They depend on a proton motive force created by the H+- ATPase 

(Galvan and Fernandez 2001).   The physiological data shows there are two separate 
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nitrate transport systems.  The first one is high affinity transporters (HANT). These 

belong to the nitrate transporter gene family Nrt2.  HANT transporters occur when there 

is a low nitrate concentration in the surrounding environment.  The other transport system 

is the low affinity nitrate transport system (LANT) which belongs in the gene family 

Nrt1.  These occur when nitrate concentrations are high (Galvan and Fernandez 2001).  

Nitrate reductases (NR) are involved in the first step of nitrogen assimilation.  Nitrate 

reductases have two active sites; nitrate reducing site containing molybdenum-

molybdopterin (Mo-MPT)  and the pyridine nucleotide active site formed between flavin 

adenine dinucleotide (FAD) and NAD(P)H (Berges 1997).  The NAD(P)H nitrate 

reductase catalyzes the reduction of nitrate into nitrite (Loppes et al. 1994), which occurs 

within the cytosol of the diatom (Takabayashi et al. 2005).  Nitrite must be further 

reduced to ammonium.  This is catalyzed by ferredoxin nitrite oxidoreductase.  The 

reduced state of ammonium is then converted to glutamine by glutamine synthetase 

(GSII). Glutamine is then converted into glutamate by the glutamate synthase enzyme. 

Then through many more reactions proteins are created and used for the cells energy 

production (Inokuchi et al. 2002).  Thus, the genes encoding HANT, nitrate reductase and 

GSII are appropriate to study the genetic regulation of nitrate uptake and assimilation in 

diatoms under low concentration of nitrates. 

The molecular characterization of the genes involved in nitrate uptake and 

assimilation are important to understand and provide new insight into these processes and 

their regulation (Hildebrand and Dahlin, 2000).  This will ultimately provide potential to 

predict how N-availability impacts marine primary production. However, the 

transcriptional regulation of the nrt2, nr and gsII genes in marine phytoplankton is poorly 
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understood. Thus, we conducted transcriptional expression analysis of nrt2, nr, and gsII 

genes in two diatom species, Thalassiosira weissflogii and Thalassiosira pseudonana 

under three different growth conditions of nitrogen (NO3
- only 

, NH4
+ only, and NO3

-+ 

NH4
+).  These two species were selected due to their size differences.   Thalassiosira 

pseudonana is a relatively small cell when compared to Thalassiosira weissflogii.  This 

demonstrates not only transcriptional responses of the three selected genes in two diatoms 

species but also provide a genetic insight of N utilization strategies based on cell size 

variations. 

 

Objectives 

1. To measure growth rates of T. pseudonana and T. weissflogii under different 

nitrogen conditions. 

2. To examine transcriptional responses of the genes encoding for nitrate transporter, 

nitrate reductase, and glutamine synthetase under varying conditions of nitrogen. 

3.  To link the levels of transcriptional expression to the N growth conditions and N 

status (replete vs. deplete) of the cells.  

4.  To determine transcriptional signatures for different N utilization strategies.  

 

Hypotheses 

• Different diatom species have varying strategies of NH4
+ and/or NO3

- uptake. 

1. There is a preference of DIN for uptake and diatom growth. 

2. Under N depleted conditions, the genes involved in N uptake and 

assimilation are expressed higher than in N replete conditions. 
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3. Based on the up-regulation or down-regulation of the nitrate transporter, 

nitrate reductase, and glutamine synthetase genes, the N substrates for 

diatom growth can be predicted. 

4. Based on diatom cell sizes, the genes involved in N uptake and 

assimilation are coupled or decoupled in their expression. 

5. Based on transcriptional expression of the genes N status of the diatom 

cell can be predicted. 
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MATERIALS AND METHODS 

Strains and growth conditions. The cultures used in this study were Thalassiosira 

pseudonana (CCPM??? ) and Thalassiosira weissflogii (CCPM???), which were  

obtained from Dr. Morel’s laboratory at Princeton University. Each culture was 

maintained in pure culture and grown in 30 mL of F/2 enhanced sterilized seawater from 

the Gulf Stream (Guillard 1975).  Nitrate (NO3
- :40 µM) was provided as the sole 

nitrogen source and cultures were transferred to fresh F/2 media every two weeks to 

maintain a healthy culture.  Before the beginning of the incubation experiment, the 

cultures were brought up to a volume of 1L and 40 µM NO3
- was added as the sole 

nitrogen source.  The growth was monitored by fluorescence and cells were transferred 

into experimental batch cultures when they reached the end of their log growth phase 

where NO3
- concentrations were not detectable.  Cells were then filtered onto a 

Nuclepore® Track-Etch Membrane filter (5.0 µm pore size and 45 mm diameter: 

Whatman) and then re-suspended into the media for the batch culture experiments.  

 The batch cultures were grown under diurnal fluorescent light (14h light:10h 

dark) at 16 ºC in 0.2µm filtered and autoclaved Gulf Stream seawater.  F/2 nutrients 

(Guillard 1975) were added to a final volume of 1L per batch.  Each batch was provided 

either 40 µM of NO3
-, 40 µM of NH4

+, or 40 µM of NO3
- + 40 µM of NH4

+ as their 

nitrogen sources.  Cell growth was monitored using a 10-AU Fluorometer (Turner 

Designs; Sunnyvale, CA). A 100 mL of cultures were harvested daily for 6 days by 

filtration using a Pall GN-6 gridded filter (0.45 µm pore size: Pall Corp. Ann Arbor, MI).  

The filter was cut in half and stored at -80 ºC until RNA was extracted.  The filtrate was 

also collected for nutrient analysis by a colorimetric autoanalyzer (Wood 1967). NH4
+ 
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and NO3
- concentration were determined for each sample.  5mL of cells were fixed with 

Lugol’s Iodine and stored in the dark at 4 ºC for cell counts.  The batch culture 

experiment was conducted twice with a total of five replicates.   

 RNA isolation:  Total RNA was extracted from filters using the PureLink ™ 

Micro-to-Midi kit (Invitrogen Corp.; Carlsbad, CA) by following manufacture’s 

instructions.  The extraction was treated with DNAse for 15 minutes at room temperature 

followed by 10 minutes at 65 ºC to eliminate genomic DNA contamination. RNA was 

quantified by using the Quant-iT™ RNA Assay Kit used with manufacturer’s 

instructions and the Qubit® fluorometer (Invitrogen Corp.; Carlsbad CA).  RNA was 

then diluted to the same concentrations to account for extraction efficiency.  RNA was 

stored at -80 ºC until used for further experiments. 

Primer design and PCR detection of gsII genes: The sequences of nr, nrt2 and gsII genes 

in T. pseudonana are available at the T. pseudonana genome website (http://genome.jgi-

psf.org/Thaps3/Thaps3.home.html). Both nr and nrt2 genes in T. weissflogii are found in 

the NCBI database (www.nlm.nih.gov). However, the gsII in T. weissflogii has not been 

reported yet. Degenerate primers (DAGSII3F and DAGSII3R:) for gsII genes were 

designed by  aligning three known gsII gene sequences from Skeletonema costatum 

(AAC77446), Isochrysis galbana (DQ424895), and Thalassiosira pseudonana 

(http://genome.jgi-psf.org/Thaps3/Thaps3.home.html).  Reversetranscriptase -PCR (RT-

PCR) was conducted to amplify the GSII genes from RNA of T. weissflogii. PCR cycle  

began  with a 30 min RT step at 50ºC, followed by a denaturation of 94 ºC for 2 min. and 

then for 40 cycles of 94 ºC for 15 sec,  annealing for 30 sec. at 55 ºC and extension at 68 

ºC for 30 sec. Agarose gel electrophoresis was completed to check for the expected PCR 
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size fragment of  634bp.  The amplicon was then cloned using TOPO TA Cloning® Kit 

(Invitrogen Corp.; Carlsbad, CA) and sequenced on an ABI 3130XL Genetic Analyzer 

(Applied Biosystems; Foster City, CA). The BLASTx was used to identify the gsII genes 

based on sequence similarities.  The gsII gene sequence of T. weissflogii was translated 

to amino acid sequence, which was aligned using the CLUSTAL program with the gsII 

sequences of the following phytoplankton and plant species; Gelidium crinale 

(AAK60408), Phytophthora infestans (AAN31463), Lagenidium giganteum (DQ173920), 

Skeletonema costatum (AAC77446), Thalassiosira weissflogii, Thalassiosira 

pseudonana(AAFD01000560.1), Isochrysis galbana, Dunaliella tertiolecta, 

Chlamydomonas reinhardtii, and Lotus corniculatus.  The neighbor joining topology was 

used for phylogenetic analysis and bootstrap values were obtained using the Molecular 

Evolutionary Genetics Aanalysis (MEGA) program. 

QRT-PCR assays:  Quantitative reverse transcriptase PCR (QRT-PCR) primers were 

designed for nr, nrt2, and gsII genes for both TP and TW using the Primer Express 

program (Applied and Biosystems), and are listed in Table 2.  One step QRT-PCR with 

SYBR green (Invitrogen Corp.; Carlsbad, CA) was performed to determine the gene 

expression of nr, nrt2, and gsII in each diatom species.  The program has 40 cycles of 

reverse transcription at 50 ºC for 5 min followed by a 5 min denaturation at 95 ºC and 95 

ºC for 15 sec, primer annealing at 55 ºC for 30 sec, followed by an elongation at 72 ºC for 

35 sec.  Upon completion of the cycles, the dissociation from 60 C to 95 C was added.   

RNA standards were generated with the plasmids carrying nr, nrt2 and gsII genes 

from both diatom species. All the plasmids were constructed with the amplicons obtained 

from the PCR with QRT-primers. PCR was conducted with genomic DNA of both 
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diatoms (write the reagents etc). PCR cycle  began  with a denaturation of 94 ºC for 2 

min. and for 35 cycles of 94 ºC for 15 sec,  annealing for 30 sec. at 55 ºC and extension at 

72 ºC for 30 sec. The plasmids were extracted with the PureLink™ Quick96 Plasmid kit 

(Invitrogen Corp.; Carlsbad, CA). The restriction enzyme BamH1 (1U) was used to 

digest the plasmid carrying TP nr, TP nrt2, TW nr, TW nrt2, TW gsII, and 18S genes 

while the HindIII was used for gsII.  RNA was generated by using the Promega Access 

RT-PCR Introductory System (Promega Corp.; Madison, WI) and following 

manufacture’s instructions.  Plasmid DNA was digested with DNase (Invitrogen Corp.; 

Carlsbad, CA ) by incubating for 15 min. and at room temperature. The Dnase was 

deactivated by heating the samples at 65 ºC for 10 min.  RNA transcripts were then 

quantified using Quant-iT™ RNA Assay Kit used by manufacturer’s instructions with 

the Qubit® fluorometer (Invitrogen Corp.; Carlsbad CA).  The mRNA standards were 

then serially diluted from 1ng to 1pg.       

Nutrient analysis: Ammonia levels are determined by phenol hypochlorite with 

the colorimetric autoanalyzer and nitrate levels are found using the cadmium-copper 

reduction to nitrite which also uses the colorimetric autoanalyzer (Wood 1967).   
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RESULTS 

Thalassiosira pseudonana 

A growth incubation experiment for T. pseudonana was conducted for 6 days under three 

different nitrogen conditions. Growth rate, uptake rate of NH4
+/NO3

- and transcriptional 

expressions of nr, nrt2 and gsII genes were monitored daily.  The cell numbers of T. 

pseudonana increase exponentially from day 0 through day 2 with a growth rate of 0.256 

hr-1 in the NO3
- media and 0.262 hr-1 in the NH4

+ media (Fig. 1a).  The cultures with NO3
- 

+ NH4
+  had a significantly higher growth rate of 0.277 hr-1 and continued to grow 

through day 5 (Fig. 1a).  The cultures with NO3
- or NH4

+ reached stationary growth phase 

after day 3.   Cell number was about 30% higher in the batch culture, which received a 

mixture of NO3
- and NH4

+ (40 µM each), after 3 days of incubation.  The mixed N 

treatment had significantly higher growth then either the NO3
- and NH4

+ treatment with p 

values of <0.001.  There was no significant difference in the growth of T. pseudonana 

grown in the NO3
- or NH4

+ alone.  

 The concentrations of NO3
- and NH4

+ in culture media were monitored daily and 

used to calculate uptake rates of each nitrogen species (Fig. 1b). T. pseudonana cultures 

with NO3
- addition showed an uptake rate of 0.066µM/hr from day 0 to day 3 before NO3

- 

was depleted in the media.  The cultures with NO3
- + NH4

+ showed the uptake inhibition 

of NO3
- by NH4

+ as NO3
- started to be taken up in day 1 (0.06µM/hr) and remained 

sufficient until day 4.  However, NH4
+ in the cultures was depleted within 2 days in both 

NH4
+ only and NH4

+ + NO3
- treatments. The uptake rates of NH4

+ of T. pseudonana in 

both culture conditions were 0.076µM/hr. The uptake of NH4
+ was not inhibited by the 

presence of NO3
-.  
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Q-RT-PCR was used to examine the transcriptional expressions of the nr, nrt2 

and gsII genes in diatom cultures.  There was a statistically significant effect of time and 

treatment on the nr gene expression (p=0.004).  The cultures with NO3
- had high level of 

nr gene transcripts in day 0 (476 ± 272.5 copies cell-1), which decreased by 32% in day 1 

and further reduced to 41% in day 2 while  NO3
- was actively taken up in both days 

(Fig.1c). The nr transcript level increased 70 folds from day 2 to 3 and decreased by 64% 

in days 4 and 5 when NO3
- was depleted in media. Gene transcripts at day 3 were 

significantly higher than transcript levels at days 0 to 2 (p=<0.001).  The nr transcript in 

the cultures with NH4
+ showed 76% lower levels of expression at day 0 compared to 

those measured in the cultures grown with NO3
- . The nr transcriptional expressions were 

substantially repressed in day 1 as with a 3 fold reduction.  This showed the repression of 

nr gene expression by NH4
+ as NH4

+ concentration was 28.36 µM.  The NH4
+ level 

decreased to 0.4 µM at day 2 when the nr transcripts increased 23 folds.  The nr 

transcripts significantly increased in day 3 by an additional 21 folds and then decreased 

by 69% in days 4 and 5 when NH4
+ levels were depleted.  There was a statistically 

significant difference in transcript levels at day 3 than all other days.  The cultures grown 

with NO3
- + NH4

+ media showed that nr transcripts started at the similar level to the 

cultures with NH4
+ at day 0.  The repression of nr gene transcription by NH4

+ was again 

observed in day 1, but the transcript levels were about 1.6 folds higher than those 

measured in the cultures with NH4
+. This showed NO3- induced the expression of nr 

genes although sufficient amount of NH4
+ was present. The nr transcript levels 

substantially increased in day 2 when NH4
+ levels dropped below 1 µM, which released 

NH4
+ repression for nr gene expression.  The transcript levels increased by 18 fold but 
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remained lower than the transcript levels observed in the cultures with either NH4
+ or 

NO3
-.  This might indicate that the cultures with NH4

+ + NO3
- had extra amounts of N 

inside cells, which was utilized in day 3 to 5 as seen in longer growth of T. pseudonana. 

 Transcriptional expression based on time and treatment was statistically 

significant with a p value of 0.001.  The nrt2 transcript levels in the NO3
- culture began at 

a high abundance with  2657 ± 757 copies cell-1 and then decreased approximately 46% 

in day 1 and 2 (Fig 1d).  As seen in the nr transcript this coincides with the NO3
- levels in 

the media being sufficient.  When NO3
- levels dropped to less than 1 µM in day 3, the 

nrt2 transcript levels increased up to 9.5 folds which is statistically higher than days 0 to 

2 (p=0.002).  The nrt2 transcript decreased by 59% at day 4 and then increased at day 5 

by 2 folds.  The culture with NH4
+ had 45% less nrt2 transcripts at day 0 than the culture 

with NO3
-. This also showed the repression of nrt2 transcript when NH4

+ was present. 

However, the repression by NH4
+ of nrt2 transcripts was less severe than with the nr 

transcripts as 10% reduction of nrt2 transcript was observed at day 1.  The nr repression 

by NH4
+ was 98% lower than the repression shown in nrt2 with values being 23.8 ± 1.92 

and 1321.01 ± 249.5 copies cell-1 respectively.  There was approximately a 2.7 fold 

increase of the nrt2 transcript levels in day 2 followed by a significant 5 fold increase in 

day 3 (p=<0.001).  Transcript levels in day 4 and 5 dropped by 54% from day 3.  The 

culture with NO3
- + NH4

+ had 28% lower nrt2 transcript levels than the culture growing 

with  NH4
+ at day 0.  There was a slight increase of nrt2 transcripts in day 1 when NH4

+ 

was still sufficient. The transcript levels were only slightly lower (10%) than those found 

in the culture with NO3
-, which demonstrated a lack of transcriptional repression by 

NH4
+. As seen in the culture with NH4

+ there was a 2.2 fold increase in transcript levels 
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in day 2 when NH4
+ is depleted.  Transcript levels increased by 2.3 fold in day 3 

however, remained up to 62% lower than the other batch cultures. The nrt2 transcripts in 

day 4 decreased by 57% and then increased again in day 5 however, still remained lower 

than day 3 and 4 in the other culture conditions.  In general, T. pseudonana had similar 

transcriptional responses of the nrt2 and nr genes for three different N conditions with 

two major differences.  The first being that the nrt2 transcript abundances were much 

higher when N was present. Secondly, the NH4
+ repression of nrt2 gene transcription was 

less severe than the nr gene expression.  

Transcriptional response of gsII genes was also examined in T. pseudonana 

cultures under three different N conditions. There was a statistical significance of time 

and treatment on the gsII gene (p=0.040). The culture with NO3
- demonstrated relatively 

high expression of gsII (196.99 ± 161.5 copies cell-1) at day 0 and then 61% reduction of 

the transcripts were observed at day 1 and 2 while NO3
- was utilized (Fig. 1e).  When 

NO3
- diminished in day 3, gsII transcripts increased 34.5 folds.  There was a 94% 

decrease in transcripts at day 4 which then increased at day 5 similar to those observed at 

day 3.  The culture with NH4
+ had 22% less gsII transcripts than the culture with NO3

-.  

The repression of gsII transcripts by NH4
+ was observed in day 1.   When NH4

+ was 

depleted in day 2, the gsII transcripts increased 4 folds.  Additional increase of transcripts 

was observed in day 3.  As seen in the culture with NO3
-, the gsII transcripts decreased in 

day 4 and then increased in day 5.  The  culture with mixture of NO3
- + NH4

+ started out 

at the similar level of gsII transcripts to those measured in the culture with NO3
-, but 

demonstrated an NH4
+ repression that dropped to the levels equal to those observed in the  

cultures with NH4
+  at day 1.  The gsII transcripts increased 1.3 folds at day 2 but 
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remained up to 67% lower than the culture with NH4
+.  There was a 45% increase in the 

transcripts at day 3 however, the  levels were 17 folds lower than those found in the 

cultures with either NH4
+ or NO3

-. Substantial reduction of gsII transcripts was observed 

again in day 4 and then increased 94% in day 5.  The gsII transcripts in T. psudonana 

showed different responses for N conditions compared to the nr and nrt2 transcripts.  A 

more severe repression was observed in gsII transcripts when NO3
- is present than with 

the nr and nrt2 transcripts.  There was also a substantial repression at day 4 in all 

conditions when N was no longer present in the media, which was not seen in the other 

growth conditions.     The cultures with NO3
- + NH4

+   demonstrated much lower 

transcript abundances throughout the duration of the experiment.  This indicated that the 

higher concentration of total N in the treatment caused a severe repression in the gsII 

transcriptional expression.  

 

Thalassiosira weissflogii 

T. weissflogii showed a different growth response compared to T. pseudonana 

when the cells were transferred to media with NO3
- or NH4

+. Figure 2a illustrated that 

growth was retarded from day 0 to day 1, but began to grow from day 1 through day 3 

with a growth rate of 0.205 hr -1 in the NO3
- media and 0.208 hr-1 in the NH4

+ media.  

This variation in growth based on N substrate is not statistically significant (p>0.05).  

The cell growth reached a stationary phase from day 3 to 4 however; there was an 

increase in growth from day 4 to 5 in the cultures with NO3
- and NH4

+.  This could 

indicate that internal stores of N are being utilized.  Similar to T. pseudonana the culture 

grown in NO3
- + NH4

+ had a significantly higher cell number from day 3 through day 5 
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with a growth rate of 0.213 hr-1 (Fig 2a) and a p value of <0.001 when compared to the 

NO3
- or NH4

+.    

 The uptakes of NH4
+ and NO3

- were observed from day 0 although T. weissflogii 

did not grow at the first day. The uptake rate of NO3
- in the cultures with NO3

- was 

0.06µM hr-1 within 3 days, whereas NO3
- levels dropped at day 1 and then subsequently 

increased at day 2 in the cultures with NH4+ + NO3- treatment.  The depletion of NO3
- 

did not start until day 2 in the cultures with NO3
- + NH4

+ and had an uptake rate of 

0.07µM/hr from day 2 through day 4. (Fig 2b)   Levels of NH4
+ were depleted by day 3 in 

both NH4
+ only and NH4

+ + NO3
- treatments, which had uptake rates of 0.08µM/hr and 

0.077µMhr-1, respectively. This demonstrated that the NH4
+ uptake was not inhibited by 

the presence of NO3
-. 

Transcriptional responses of nr, nrt2 and gsII genes in T. weissflogii were 

determined using Q-RT-PCR during the incubation experiments.  There was a statistical 

significance of the nr gene when compared to time and treatment (p=0.025).  The nr gene 

in the cultures with NO3
- had significantly high levels of expression compared to all other 

days in day 0 (69300 ± 9220 copies cell-1) (p<0.001) but the transcript levels dropped by 

98% in day 1 (Fig. 2c), which showed the transcriptional repression when NO3
- was 

available. Further reduction of nr transcripts was observed in day 2 by approximately 

40% as NO3
- was still sufficient (Fig 2b).  The transcript levels increased by 3.4 folds in 

day 3 and then had additional 2 fold increase in day 4 and 5 when there was no longer 

NO3
- available.   The culture with NH4

+ had relatively high transcript level in day 0 with 

2810 ± 2898 copies cell-1, however the levels were 96% less than the nr gene expressions 

in the cultures with NO3
-.  The transcriptional repression by NH4

+ was observed in day 1 
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as the transcripts decreased 84%.  The repression remained through day 2 when NH4
+ 

was sufficient although the transcript increased 2 folds.  When NH4
+ diminished to less 

than 1.2µM at day 3, nr transcript increased by approximately 5.2 folds, and remained at 

the high expression levels through day 4 and 5.  The cultures with NO3
- + NH4

+ showed 

an initial transcript level of 8570 ± 11467 copies cell-1 at day 0 . Transcript levels in day 

1 exhibited NH4
+ repression on nr gene expression, but transcripts in NH4

+ + NO3
- media 

had 1.6 folds higher abundance than the cultures in NH4
+ media.   The transcriptional 

repression by NH4
+ remained though day 2 and the transcripts increased in day 3 by 6.4 

folds to the levels comparable to the other N conditions although there was a reduction in 

the expression in day 4.  Transcript levels increased at day 5 to the levels comparable to 

the cultures with NH4
+treatment.   

There was a statistical significance of the nrt2 gene transcripts based on time and 

treatment (p=0.049).  The nrt2 transcripts in T. weissflogii showed a significantly higher 

expression (53200 ± 50837 copies cell-1) in the culture with NO3
- in day 0 and decreased  

85% at day 1 (Fig 2d).  The transcripts increased by 1.7 folds at day 2 and then reduced 

in day 3 by 48% where the transcript levels remained in day 4 and 5.  The culture with 

NH4
+ had 3820 ± 3256 copies cell-1 of nrt2 transcripts at day 0, which was much lower 

than those measured in the culture with NO3
-.  There was no further reduction of 

transcripts, which demonstrated the lack of additional repression by NH4
+, which was 

observed in T. pseudonana cultures  There was  lower levels of the transcripts in the 

culture with NH4
+ + NO3

- in day 0  than the culture with NO3
-. However, the nrt2 

transcript levels were higher than those measured in the cultures with NH4
+.  The 

transcript levels remained the same through day 1 and increased by 1.2 folds in day 2.  
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There was an additional 1.8 fold increase in day 3 and then a 28% reduction of gene 

expression was observed in day 4 and 5.  T. pseudonana and T. weissflogii exhibited very 

different gene expression of the nr and nrt2 gene transcripts.  The nr transcript abundance 

demonstrated a definite regulation based on N availability however, the nrt2 transcripts 

express at a much higher level and have very little fluctuation with N status in 

comparison to the nr genes.    

The gene encoding glutamine synthase II in T. weissflogii was detected by PCR 

amplification with degenerate primers.  The amplified product was 634 bp long with a 

55% GC content.  It had 79 and 78 % sequence similarities with the gsII genes found in 

Skeletonema costatum and T. pseudonana, respectively. Phylogenic analysis showed the 

unique cluster of the gsII genes found in three different diatom species compared to other 

phytoplankton and plants (Figure 6)  

The expression of the gsII gene in the culture was monitored using Q-RT-PCR 

with specific primers designed with the detected gene sequence. There was no statistical 

difference in gene expression of the gsII gene based on time or treatment for T. 

weissflogii.  The gsII transcripts in the culture with NO3
-had high levels with 2900 ± 1961 

copies cell-1 at day 0 and reduced by 23% in day 1 and 2(Fig 2e).  The transcripts 

increased 3 folds in day 3 and continued to increase by 5.25 folds in day 4.  Transcripts 

then decreased by 66% in day 5.   The gsII gene expression in the culture with 

NH4
+started with relatively lower levels than the culture with NO3

-, and then increased 3 

folds in day 1 demonstrating no transcriptional repression by NH4
+.  Transcript levels 

remained at that level through day 2 and then increased by 2.7 fold in day 3 through 4.  

There was a 66% decrease in transcript abundance in day 5 which was equal to the 
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percent drop in day 5 of the NO3
- condition.   The culture with NO3

- + NH4
+ had the 

lower gsII gene expressions than those in the other two culture conditions.  However, 

there was a 16 fold increase at day 1, which was the highest expression among the three 

different N conditions. The reduction of the transcript was observed in day 2 through 3 

while the cells were continuously growing with a 2 folds increase in day 4.  There was a 

73% decrease in transcripts at day 5 which was consistent with the other two culture 

conditions.   There were similarities between gsII and nrt2 gene expressions in T. 

weissflogii in that there was no NH4
+ inhibition, whereas there is a strong inhibition of the 

nr gene expression when NH4
+ is present.  There was also a high expression of gsII 

transcripts in the NO3
- + NH4

+ culture when N was sufficiently available, which was not 

the case for the nr gene expression.  
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DISCUSSION 

 As comparing the results of two diatom species under three different N 

conditions, we found various differences in the gene expression profiles in T. pseudonana 

and T. weissflogii.  They had different growth patterns which coincided with the 

variations in the gene expressions.  In particular, the transcriptional expressions of the nr 

genes demonstrated the most distinctive pattern between the two species.  This might be 

interpreted as genetic and transcriptional signatures of different N utilization strategies 

between the large and small diatoms.  In general, T. pseudonana exhibits a repressed 

expression in the presence of N for all three genes.  The same is true for the nr gene in T. 

weissflogii, however, the nrt2 and gsII genes do not follow this pattern.   

NO3- treatment 

   Based on the growth experiments of  T. pseudonana and T. weissflogii in NO3
- 

media, T. pseudonana as a small cell (2-4µm diameter) had a higher growth rate (0.256  

hr-1) than T. weissflogii (0.205 hr-1) (Fig 3a).  The variation in growth rate based on size is 

corroborated with a study conducted by Sunda and Hardison in 2007 were they found that 

T. weissflogii grew more slowly with NH4
+ than T. pseudonana.  Due to its larger cell 

size (10-12µm diameter) and lower initial cell number T. weissflogii had a lag in its 

growth between day 0 and day 1. However, the NO3
- uptake rates were the same in both 

diatoms despite the lag phase of T. weissflogii’s growth (Fig 3b). 

 Transcriptional responses of nr genes in both diatom species showed a 

consistency of repression while the cells were in exponential growth phase and utilizing 

NO3
- as a N substrate.  Figure 3C showed the repression of nr transcript in day 0 to 2 for 

T. pseudonana and day 1 to 2 in T. weissflogii, respectively.  In contrast, there were some 
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differences in the levels of nr gene expression between the two species. The nr transcripts 

in T. weissflogii expressed much higher in days 0 to 2 than T. pseudonana.  However, the 

nr transcripts in T. pseudonana dramatically increased in day 3 and reached higher levels 

of expression than those of T.weissflogii. This large increase of nr transcripts coincided 

with the depletion of NO3
- .  The nr transcripts in T. weissflogii also increased in day 3 as 

NO3
- was depleted, but the transcript levels were lower than those measured in day 0, 

which might indicate that internally stored N was still available and the cells were not yet 

undergoing starvation. In contrast, the nr transcripts in T. pseudonana reached maximum 

levels in day 3, which was higher than day 0. This might indicate that the cells were 

experiencing N starvation due to the lack of N storage within the small cell.  The nrt2 

transcripts in both T. pseudonana and T. weissflogii grown in NO3
- media showed similar 

expression patterns to the nr gene expressions. However, the nrt2 gene expression in T. 

weissflogii remained fairly consistent in day 1 to 5 while substantial changes of nrt2 

transcript levels in T. pseudonana were observed.  This provided additional evidence that 

the T. weissflogii stored internal NO3
- and were not yet N starved.   Transcriptional 

regulation of the genes involved in N assimilation was proposed to be strongly related to 

the internal N status of the cell (Song and Ward 2004). Differential expression of nr and 

nrt2 transcripts in two diatoms with different cell sizes might become a genetic signature 

of internal N status and utilization.  

The gsII gene expression was consistently higher in T. weissflogii compared to T. 

pseudonana, which agreed with the expression patterns of nr and nrt2 genes in cultures 

grown with NO3
-. However the gsII transcripts in T. weissflogii showed no significant 

variation in any of the days, while the gsII transcripts in T. pseudonana followed the 
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same expression patterns of nr and nrt2 genes.  In contrast, T. pseudonana had a severe 

repression of gsII transcript in day 4 while T. weissflogii had the highest expression of the 

gsII genes.  Takabayashi et al (2005) reported that the gsII gene in the diatom S. costatum 

was upregulated in the presence of external NO3
-.   Whereas, Kang et al. (2007) 

demonstrated that the haptophyte I. galbana did not exhibit differential regulation of the 

gsII gene in the presence or absence of NO3
-.  These varying results could indicate that 

gsII regulation is species specific.  

NH4+ treatment    

 In comparing the cultures where NH4
+ was added as the sole N source T. 

pseudonana immediately started growing at an exponential rate whereas T. weissflogii 

had a lag period of one day before growth began (Fig. 4A).  The difference in growth 

rates could be accounted for by the fact that T. weissflogii was a larger cell and had an 

inoculum with lower cell numbers.   The uptake rate of NH4
+ was slower in T. 

pseudonana (0.76 µM hr-1) than T. weissflogii (0.81 µM hr-1) indicating that that larger 

cell potentially has higher uptake rates of NH4
+ (Table. 2).     

 A comparison of the nr transcript expression between the two species grown with 

NH4
+ is depicted in figure 3C.  T. weissflogii had a much higher expression than T. 

pseudonana in the first two days.  It has been well documented that NH4
+ has an 

inhibitory effect on the expression of the nr gene in plants and algae (Cannons and 

Pendleton 1994).  The NH4
+ repression was observed in both cultures at day 1, but T. 

pseudonana released the repression of nr gene expression as NH4
+ was no longer present 

in media at day 2.  T. pseudonana reached the stationary growth phase at day 2, whereas 

T. weissflogii continued to grow through day 3 providing evidence that internal stores of 
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N were being consumed in the larger cell.  The nr transcript level supported this 

prediction because transcript levels did not significantly increase in T. weissflogii until 

day 3.   

 The nrt2 gene expression profiles of both species in the NH4
+ media were 

illustrated in figure 4D.  The nrt2 gene expression in T. pseudonana was down-regulated 

by the presence of NH4
+ in day 1 and 2, but this repression trend was not as substantial as 

was found in the nr transcript.  The reduction in nrt2 expression was also observed in a 

study conducted on I. galbana when NH4
+ was available (Kang et al. 2007).  

Furthermore, the level of repression at day 1 was similar to those measured at day 1 in the 

cultures with NO3
- suggesting that the nrt2 repression might not only be due to the 

presence of NH4
+ but to the presence of any available DIN in the media.  This result was 

consistent with a study of Isochrysis galbana where there was a decrease in expression 

when NH4
+ was available and then a considerable increased when NH4

+ became depleted 

(Kang et al. 2007). However, there was a more severe repression in the NH4
+ treatment in 

that study.  T. weissflogii transcripts did not significantly change during the incubation, 

with the exception of day 0, regardless of how much NH4
+ was present in the media.  

Song and Ward (2007) suggested that diatoms have the capability of expressing nrt2 

transcripts in the presence of NH4
+.  The findings in this study provide further evidence 

that the nrt2 gene is capable of expressing in the presence or absence of NH4
+ in T. 

weissflogii.  However there is a repressive effect on transcript levels in the presence of 

NH4
+ for T. pseudonana.   

 The transcript expression of gsII genes was quite different in T. pseudonana and 

T. weissflogii (Fig. 3E).  There was not a significant effect of the presence or absence of 
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NH4
+ on the gsII gene transcription in T. weissflogii.  This finding is consistent to the  

studies conducted with S. costatum and I. galbana, which demonstrated that gsII gene 

was not differentially expressed by the available external NH4
+ (Takabayashi et al. 2005) 

(Kang et al. 2007).  Although not statistically significant (p>0.05) due to natural 

variations in gene expression, the transcriptional regulation T. pseudonana does 

demonstrate a repression trend in gsII transcripts when NH4
+ is available and an up-

regulation when NH4
+ levels deplete.  Contradictory to previous studies and T. 

weissflogii’s transcriptional response, T. pseudonana does seem to exhibit transcriptional 

regulations by the presence or absence of NH4
+.  The levels of transcript abundances 

seem to follow a pattern similar to the NO3
- culture.  As seen in the NO3

- culture, there is 

a repression in gene transcript expression at day four after the NH4
+ is depleted.   

NO3- + NH4+ treatment 

 In the culture where NO3
- + NH4

+ were spiked into the media cell growth patterns 

were similar to the other cultures (Fig. 5A).  Uptake of NH4
+ was immediate and 

consistent with the uptake in the NH4
+ culture for T. weissflogii.  This result was 

consistent with another study conducted with T. pseudonana which demonstrated the 

preference of NH4
+ uptake over NO3

-  (Dortch et al. 1991) T. pseudonana had  a slight 

reduction of NH4
+ uptake  until day 1 when the rate increased to equivalent to the  rate 

observed in the cultures with NH4
+ alone.  This delay might be due to the fact that the 

cultures were pre-conditionally grown in NO3
- (Dortch et al. 1991).  In both species there 

was an increase in NO3
- concentration.  This occurred from day 0 to 1 in T. pseudonana 

and from day 1 to day 2 in T. weissflogii.   The variation in time of uptake could be 

connected to the fact that T. pseudonana did not have a lag in growth from day 0 to1.  
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The initial decrease in NO3
- was potentially due to the pre-growth conditions of the 

cultures (Dortch et al 1991).  The cells were accustomed to the use of NO3
- and had to 

acclimate to the presence of NH4
+.  It could be hypothesized that when the more reduced 

form of N (NH4
+) was eventually utilized to reduce the more toxic N (NO2

-) stored inside 

cells (Lomas and Gilbert 2000).   From day 1-2 there was a decrease in NO3
- even though 

NH4
+ was still available demonstrating that T. pseudonana took up some NO3

- while it 

was utilizing NH4
+.  Uptake rates of NO3

- increased to the rates similar to the culture with 

NO3
- when NH4

+ was depleted indicating that the assimilation of NO3
- only occurs when 

NH4
+ is no longer available.   

 The nr transcript pattern for both species was very similar to those in the cultures 

with NH4
+ (Fig. 5C).  T. weissflogii had a much higher expression in day 0 and day 1 than 

T. pseudonana and both species demonstrated repression in day 1 when NH4
+ was being 

consumed.  While a repression trend was observed, the cultures with NO3
- + NH4

+ had 

slightly higher nr expression than the culture with NH4+ potentially because NO3
- 

induced the expression of the nr gene.  When NH4
+ was depleted the transcripts in both 

species increased in day 2 and 3 to levels that were only slightly lower than the levels 

seen in the culture with NH4
+ alone even though NO3

- was still plentiful. This 

demonstrated that NH4
+ had a releasing effect on the regulation of nr transcriptional 

expression than NO3
-.  There was also a considerably reduction in the transcript level for 

both species in day 4 perhaps due to the regeneration of NH4
+. 

 Following the same trend as the other two culture conditions the nrt2 gene 

transcript did not seem to be effected by N condition in T. weissflogii (Fig 5D).  

However, there does seem to be a trend in T. pseudonana where there is a depression in 
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gene transcripts when N is available and an increase when N is depleted.  I. galbana 

follows the same trend as T. pseudonana where there is lower transcript abundance when 

N is sufficient (Kang et al 2007).    

 Transcript levels for the gsII gene in the cultures with NO3
- + NH4

+ showed a 

different response between T. pseudonana and T. weissflogii (Fig. 5E).  There was no 

statistical significance in transcriptional variation over time for T. weissflogii.  This is a 

similar result to I. galbana (Kang et al. 2007).  On the other hand, T. pseudonana seemed 

to follow the trend of lower transcripts when N was sufficient, while the transcripts 

increased when N was depleted.  There was also a consistency with the other treatments 

with the repression at day 4 when N was depleted.  Further analysis must be completed in 

order to definitively find the metabolic reasoning for this repression. 
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CONCLUSION 

 We found that in the presence of NH4
+ and NO3

- both diatom species preferably 

take up NH4
+ first.  However, there was no statistical difference in the growth rate of 

diatoms that were grown in 40 µM of NO3
- or 40 µM NH4

+.  Therefore the preference for 

the uptake of NH4
+ does not have an effect of the growth rate of the diatoms. 

 Based on statistical analysis there was not a significant difference in transcript 

levels in the NH4
+ and NO3

- treatments during the times when external DIN is available.  

Therefore, we cannot definitively predict the N substrate based on transcriptional 

expression of the nr, nrt2 or gsII genes.  However, a repressive trend was observed in T. 

pseudonana when external NH4
+ was available for all three genes.   

There was a consistent pattern amongst all genes in both species that under N-

depleted conditions expression levels were higher than when N was available.  This 

phenomenon can be explained by the production of intracellular inhibitors such as NH4
+ 

and glutamine by N assimilation (Galvan and Fernandez 2001).  There was an obvious 

difference in strategies of N utilization for T. pseudonana and T. weissflogii.  The clearest 

comparison can be made between the nr and gsII transcript expressions.  There seems to 

be a consistent response that T. weissflogii expressed at a much higher level than T. 

pseudonana when N was present.  This might indicate that the larger cell has a greater 

need for nr transcriptional expression since more N is necessary to fit the N quota in a 

cell.  A study conducted by Lomas and Glibert in 2000 stated that the N quota for T. 

weissflogii was 1.93 pmol-N cell-1 whereas the N quota for T. pseudonana was found to 

be between 0.074 and 0.158 pmol-N cell-1(Thompson et al. 1989) indicating that the N 

quota is indeed lower in the smaller sized cell.  T. pseudonana being smaller in size 

26



would have a higher turnover rate and which could reduce the number of transcripts.  The 

gsII transcript had very different responses between the two species.  While it does not 

seem like N affects the gsII transcript levels in T. weissflogii, T. pseudonana shows a 

high variability of transcript level with fluctuating N concentrations.  Based on these 

results of this study, the nr genes were most differentially regulated depending on N 

conditions.  At least two distinct N statuses (replete vs. limited/depleted) can be identified 

from both diatom species.  During the N replete status, the gene expressions fell below 

pre-induction levels as the cells perceived sufficient NO3
- or NH4

+ and assimilation 

occurred.  The transcript levels were <5000 copies per cell, which was observed at days 1 

and 2 in T. pseudonana and day 1 in T. weissflogii.  When external N was no longer 

available, transcript levels increased to >5000 copies per cell because the diatom cells 

were beginning to go into starvation, which can be considered as N limited/depleted 

status.  This was demonstrated in the NO3
- and NH4

+ treatments for both T. weissflogii 

and T. pseudonana after day 2.  In the combined NH4+ and NO3- treatment transcript 

levels for the most part did not reach the levels that were >5000 copies per cell indicating 

that the diatom cells of both species were still utilizing available N.  Thus, the levels of nr 

gene transcripts can be considered as a genetic indicator to determine the N status of 

marine diatoms in natural phytoplankton assemblages.    
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Figure 1.  Time course of cell number, nitrogen uptake rates, and gene transcript 
abundance in batch cultures of T. pseudonana under three different conditions of N. Cell 
number was used to monitor the growth (A).  Concentrations of NO3

- or NH4
+ were used 

to measure uptake rates (B). Transcriptional expression of nr (C), nrt2 (D), and gsII (E) 
were quantified using QRT-PCR assays.  Error bars represent standard error between 
replicates. 
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Figure 2.   Time course of cell number, nitrogen uptake rates, and gene transcript 
abundance in batch cultures of T. weissflogii under three different conditions of N. Cell 
number was used to monitor the growth (A).  Concentrations of NO3

- or NH4
+ were used 

to measure uptake rates(B). Transcriptional expression of nr (C), nrt2 (D), and gsII (E) 
were quantified using QRT-PCR assays.  Error bars represent standard error between 
replicates. 
 

34



 
Figure 3.   Species comparison of cell number, nitrogen uptake rates, and gene transcript 
abundance in batch cultures where 40 µM of NO3

- is the sole N source. Cell number was 
used to monitor the growth (A).  Concentrations of NO3

- or NH4
+ were used to measure 

uptake rates(B). Transcriptional expression of nr (C), nrt2 (D), and gsII (E) were 
quantified using QRT-PCR assays.  Error bars represent standard error between 
replicates. 
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Figure 4.   Species comparison of cell number, nitrogen uptake rates, and gene transcript 
abundance in batch cultures where 40 µM of NH4

+ is the sole N source. Cell number was 
used to monitor the growth (A).  Concentrations of NO3

- or NH4
+ were used to measure 

uptake rates(B). Transcriptional expression of nr (C), nrt2 (D), and gsII (E) were 
quantified using QRT-PCR assays.  Error bars represent standard error between 
replicates. 
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Figure 5.   Species comparison of cell number, nitrogen uptake rates, and gene transcript 
abundance in batch cultures where 40 µM of NO3

- + 40 µM of NH4
+ are the N sources. 

Cell number was used to monitor the growth (A).  Concentrations of NO3
- or NH4

+ were 
used to measure uptake rates(B). Transcriptional expression of nr (C), nrt2 (D), and gsII 
(E) were quantified using QRT-PCR assays.  Error bars represent standard error between 
replicates. 
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Figure 6.  Phylogenic tree of glutamine synthetase II in phytoplankton and plant species. 
Amino acid sequences were translated from DNA sequences and used for phylogenetic 
analysis. 
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