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Nitrate is used as a nutrient for growth by many
organisms through the nitrate assimilation pathway.
The key enzyme involved in nitrate assimilation is
nitrate reductase (NR). Transcriptional regulation
of NR genes has been studied in various phototro-
phic eukaryotes from freshwater or terrestrial hab-
itats. Here, we describe the first NR gene from a
marine phytoplankton, the green alga Dunaliella
tertiolecta Butcher. Its sequence is very similar to
that of the other green algae, but its intron structure
and transcriptional regulation differ significantly. A
partial genomic NR gene fragment was cloned us-
ing direct PCR amplification with degenerate prim-
ers, and rapid amplification of cDNA ends was
performed to obtain a complete NR gene from a
cDNA of D. tertiolecta. The complete NR gene of
D. tertiolecta is 2.7 kb in size and is similar at the
amino acid level to the NRs from freshwater green
algae Chlorella vulgaris (50.6%), Chlamydomonas
reinhardtii (58.4%), and Volvox carteri (59.4%). Tran-
scriptional regulation of D. tertiolecta NR was ex-
amined in response to different nitrogen sources
and during the diel cycle. Dunaliella tertiolecta NR
transcript was induced by nitrate and repressed by
ammonium. In addition, transcription was not in-
duced under nitrogen depletion. Induction of NR
transcript responded to the diel cycle, and tran-
script levels were maximized within an hour after
the beginning of the light period. The induction and
repression of NR transcript were much slower than
reported in freshwater green algae, which may be
related to the size of internal nitrogen pools.
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Nitrate is a major nitrogen source for higher plants,
algae, fungi, yeast, and bacteria. Nitrate is converted by
nitrate assimilating enzymes to ammonia as an end

product and incorporated into amino acids such as
glutamate and glutamine. Assimilatory nitrate reduc-
tase (NR) catalyzes the initial step of reducing nitrate to
nitrite and is considered to be the rate limiting step in
nitrate assimilation (Solomonson and Barber 1990).
Phototrophic eukaryotes contain NAD(P)H NR, which
transfers two electrons from NAD(P)H to nitrate. NR is
a multicentered protein containing the three redox
prosthetic groups: molybdopterin, heme, and FAD.
The synthesis and the activation of NR are typically
regulated by light, carbon metabolism, and nitrogen
sources (Solomonson and Barber 1990, Mohr et al.
1992, Campbell 1999).

NR genes have been cloned from various higher
plants, fungi, yeast, and algae, and their evolutionary
relationships have been investigated (Stolz and Basu
2002). Genetic analysis of NR genes showed that gene
expression was primarily regulated at the transcrip-
tional level. In higher plants and fungi, NR transcrip-
tion is induced by nitrate and repressed by ammonia
(Solomonson and Barber 1990, Campbell 1999). How-
ever, NR transcription in the green algae Chlorella
vulgaris, Chlamydomonas reinhardtii, and Volvox carteri
(Cannons and Pendleton 1994, Quesada and Fernán-
dez 1994) was induced by the removal of repressors
such as ammonia and metabolites of ammonia and un-
der nitrogen-depleted conditions. Gene expression
reached maximum levels after the addition of nitrate
(Gruber et al. 1992, Quesada and Fernández 1994,
Dawson et al. 1996, Loppes et al. 1999). These NR
gene studies were conducted on phototrophic eukar-
yotes that live in terrestrial or freshwater habitats.
There is very little information available for NR genes
in marine eukaryotic phytoplankton, although impor-
tant biochemical and physiological characteristics of
nitrate reduction and assimilation are well known. To
investigate the environmental regulation of nitrate as-
similation in the marine environment, we attempted to
clone and characterize NR genes in marine eukaryotic
phytoplankton.

Dunaliella tertiolecta (Chlorophyceae), a biflagellated
unicellular marine green alga, has been widely studied
for ecological, industrial, and aquacultural reasons.
Dunaliella tertiolecta is involved in primary production
in various marine and hypersaline habitats because
of its growth capability in a wide range of salinities
(Fabregas et al. 1986, Ben-Amotz and Avron 1978). It
is one of the marine eukaryotic algae that possesses a
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CO2 concentrating mechanism (Beardall et al. 2002).
The CO2 concentrating mechanism is a metabolic ca-
pability of accumulating CO2 inside the cells, which has
profound effects on the ability to assimilate dissolved
inorganic carbon from the environment. The CO2 con-
centrating mechanism can enhance CO2 supply to the
RUBISCO pathway and increase the efficiency of nu-
trient utilization (Beardall and Giordano 2002). For
industrial and aquacultural applications, D. tertiolecta is
used to produce glycerol and the carotenoid b-caro-
tene (Ben-Amotz and Avron 1980) and also used as
a source of single-cell protein and of minerals in fish
diets and aquacultural feeding of marine fishes and
bivalve mollusks (Fabregas and Herrero 1985, 1986).
In addition, D. tertiolecta can be used in bioremediation
for removing heavy metals from the environment be-
cause it synthesizes heavy metal binding peptides,
phytochelatins, which play an important role in de-
toxification and accumulation of heavy metals (Hirata
et al. 2001, Tsuji et al. 2002). Because of these appli-
cations and environmental implications and the im-
portance of nitrogen as a potentially limiting nutrient,
it is important to understand nitrogen metabolism in
D. tertiolecta. Dunaliella tertiolecta NR has been studied
with NR mutants and purified enzymes from the late
1960s to early 1980s (Grant 1967, Latorella et al. 1981,
LeClaire and Grant 1972), but there has been no fur-
ther investigation of its biochemical and genetic prop-
erties. We report here on the next step for this
important organism, the description of its NR gene
by cloning and further characterization of NR tran-
script regulation in response to various nitrogen sourc-
es and in response to diel cycling.

MATERIALS AND METHODS

Strains and growth conditions. Dunaliella tertiolecta (Chloro-
phyceae) was originally obtained from the Carolina Biolog-
ical Supply (Burlington, NC, USA) and provided to us by
Betsy Steele (University of California, Santa Cruz, USA).
Cells were grown on a 14:10-h light:dark cycle at 181 C
with fluorescent light in f/2- or h/2-enriched seawater media
containing 0.88 mM NaNO3 or 0.5 mM NH4Cl, respectively
(Guillard 1975). Chlorella vulgaris (Trebouxiophyceae) was
grown at 181 C with 14:10-h light:dark cycles in freshwater
medium as described previously (Zeiler and Solomonson
1989), using 1mM NH4Cl or NaNO3 as nitrogen sources.

RNA and DNA isolation. Total RNAs were extracted using
an E.Z.N.A. plant RNA extraction kit (Omega Bio-tek, Do-
raville, GA, USA) following the manufacturer’s instructions.
The extracted RNAs were treated with DNAse (2 U) to elim-
inate genomic DNA contamination. Genomic DNA was ex-
tracted with Eneasy Plant DNA extraction kit (Qiagen,

Bothell, WA, USA). Extracted total RNAs were stored at
� 801 C until used for experiments.

Primer design and PCR amplification. Degenerate primers
for the assimilatory NR gene were designed on the basis of a
comparison of 19 different NR amino acid sequences from
higher plants, green algae, and fungi. The 3 0 end of the mo-
lybdopterin domain and the middle of the heme domain
were selected as the site of degenerate primers NRMoF and
NRFE02R because of their high conservation of amino acid
sequences (Table 1). Genomic DNAs from D. tertiolecta and
C. vulgaris were used as templates in touchdown PCR. The
PCR cycle was started with a 5-min denaturation step at
941 C, followed by 20 cycles of a 1-min denaturation at 941 C,
primer annealing of 1 min starting at 601 C with decrement
of 0.51 C per cycle, and followed by a 2-min extension at
721 C. The PCR was continued for 20 more cycles of 1-min
denaturation at 941 C, 1-min primer annealing at 551 C, and
2-min extension at 721 C. PCR amplification was performed
in a total volume of 50 mL containing 5 mL of 10 � PCR buffer
(500 mM KCl, 200 mM Tris-HCl [pH 8.4]), 1.5 mM MgCl2,
0.2 mM of each deoxyribonucleoside triphosphate, 1 mM of
each primer, 1 U Taq polymerase, and approximately 100 ng
of genomic DNA.

Rapid amplification of cDNA ends (RACE) PCR amplifica-
tion. Total RNA was used as a template to synthesize oli-
go(dT)-primed cDNA using the RACE kit (BD Science
Clontech, Palo Alto, CA, USA) following manufacturer’s
instructions. NR gene specific primers (DTNR1F and
DTNR2R) were designed from the genomic NR fragment
clone obtained from the PCR with degenerate primers
(above) (Table 1). The 3 0 RACE PCR was performed with
the forward NR gene specific primer (DTNR1F) and the
3 0RACE universal primer mix in a total volume of 50 mL con-
taining 5 mL of 10 � Advantage II PCR bufferTM (BD
Sciences Clontech), 0.2 mM of each deoxyribonucleoside
triphosphate, 0.2 mM of each primer, 1 U Advantage Taq po-
lymerase, and 2 mL of 3 0RACE cDNA. The PCR program be-
gan with five cycles of a 30-s denaturation step at 941 C and
followed by a 3-min extension at 721 C for the first round,
and for the second round starting with a 30-s denaturation at
941 C, followed by a 30-s primer annealing at 701 C and a 3-
min extension at 721 C for five cycles. The PCR was contin-
ued for 30 cycles with a 30-s denaturation at 941 C, followed
by a 30-s primer annealing at 681 C and a 3-min extension at
721 C. To obtain the 5 0 region of the D. tertiolecta NR gene, the
reverse transcription reaction was modified to synthesize by
5 0 RACE cDNA with total RNA as a template and a combi-
nation of a SMART oligo primer (BD Science Clontech) and
an NR gene specific reverse primer (DTNR2R), which re-
placed the oligo(dT)-primer in manufacturer’s instruction.
The 5 0-RACE PCR amplification was performed with the in-
ternal NR gene specific reverse primer (DTNRMo2R) and 5 0-
RACE universal primer mix under the same PCR conditions
as described above.

Cloning and sequencing PCR products. The amplified prod-
ucts were examined on 1.0% agarose gels by electrophoresis
and then were purified using the Qiaquickt gel extraction kit
(Qiagen) according to the manufacturer’s instructions. The

TABLE 1. PCR primers for Dunaliella tertiolecta NR gene.

Primer Orientation Sequence (50 to 30) Amino acid sequence in D. tertiolecta NR

NRMOF Forward TGGAAYGTNATGGGNATGATGA 428WNVMGMMNN436
NRFE02R Reverse GARTGDATNGCRTTRAAYTC 572FNAIHS579
DTNR1F Forward CAGAGGGGRGAGATTGGCGTGCGA 449QRGEIGVR457
DTNR2R Reverse AGCGTCAGCACCAGTGGCGATCAATAT 562ILIATGADA571
DTNRMO-2R Reverse GCCGCAGGTTGTCTTCC 475EEDNLR480
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cleaned PCR products were used for direct cloning with the
TOPO-TAt cloning system (Invitrogen, Carlsbad, CA, USA)
following manufacturer’s instructions. The ligated plasmids
were transformed in high transforming efficiency Escherichia
coli TOP10F 0t (Invitrogen) following the manufacturer’s in-
structions. The transformed cells were plated on Luria- Be-
rtrani agar plates containing 50 mg �mL�1 kanamycin. The
inserts were sequenced using Big-dyet terminator chemistry
(Applied Biosystems, Foster City, CA, USA) and an ABI mod-
el 310 automated DNA sequencer (Applied Biosystems). The
clones containing RACE PCR products were sequenced with
several internal primers designed by gene walking.

Phylogenetic analysis of NR gene. The amino acid sequences
of complete NR genes (864 to 982 amino acids depending on
organisms) were used for phylogenetic analysis with NR
genes in the reference organisms obtained from the Gen-
Bank database. The GenBank accession numbers of refer-
ence NR genes used in this study are listed in Table 2. The
sequences of NR genes were aligned using the Clustal W
program (http://www.ebi.ac.uk/clustalw/). Phylogenetic anal-
ysis was performed with PHYLIP 3.5 (Felsenstein 1997) ac-
cording to the Dayhoff PAM matrix method (Dayhoff 1972).
Phylogenetic trees were reconstructed using the neighbor-
joining method (Saitou and Nei 1987). The SEQBOOT
program was used to obtain the confidence level for neigh-
bor-joining analysis using 100 bootstrapped data sets (Fel-
senstein 1985).

Transcript abundance measurements. RNA protection assay
(RPA) was used to measure transcript abundance of the
D. tertiolecta NR gene. The NR cDNA clone (366 bp) obtained
from gene specific RACE PCR with NR gene specific primers
(DTNR1F and DTNR2R) was used to generate antisense
transcripts, which were used to measure the NR transcript
abundance. In addition, a fragment of the 18S rRNA gene
(572 bp) of D. tertiolecta was cloned to generate antisense
transcripts for rRNAs, which were used as an internal stand-
ard to normalize hybridization intensity measurements. The
probes were labeled with a 32P-UTP using the MAXIscriptt
kit (Ambion, Austin, TX, USA) and were gel purified on 4%
denaturing polyacrylamide gel as recommended by the man-

ufacturer. RPA was performed following the manufacturer’s
instructions (Ambion). Total RNA (10 mg) was used to hybrid-
ize with NR and 18S probes together overnight at 421 C and
then digested with RNAse for 30 min.The digested samples
were separated on 4% denaturing polyacrylamide gel. The
intensity of the hybridized bands was measured by autoradi-
ography using a Phosphorimagert (Molecular Dynamics,
Sunnyvale, CA, USA) and ImageQuants software (Molecu-
lar Dynamics). NR transcript intensity was normalized to 18S
rRNA intensity.

Reverse transcription (RT)-PCR with gene specific primers
was used as an additional method to determine the induction
and repression of NR transcripts in D. tertiolecta. Total RNAs
(1mg) were used to synthesize first strand cDNAs with d(N)8

oligos using the first-strand cDNA synthesis kit (Amersham, Pi-
scataway, NJ, USA) following manufacturer’s instruction. PCR
amplification was performed in a total volume of 25mL
containing 2.5mL of 10 � PCR buffer (500 mM KCl, 200 mM
Tris-HCl [pH 8.4]), 1.5 mM MgCl2, 0.2 mM of each deoxyribo-
nucleoside triphosphate, 0.4mM of DTNR1F and DTNR1R
primers, 1 U Taq polymerase, and 1mL of cDNA. The PCR
cycle was started with a 1-min denaturation step at 941 C, fol-
lowed by 30 cycles of 15-s denaturation at 941 C, primer an-
nealing of 15 s at 601 C, and followed by 30-s extension at
721 C. The amplified products were verified on 2% agarose gel.
The detection of amplified products indicated induction of NR
transcript under the tested conditions. For PCR control, 18S
rRNA was also amplified with DT18S1F (50-GCAGTTAAAAAG
CTCGTAGTTGG-30) and DT18S1R (50-TCCCTAGTCGGCA
TCGTTTA-30) primers with the same PCR condition except
that 20, rather than 30, cycles of amplification were used.

NR transcript induction and repression. For NR transcript
induction, the cells were grown initially in h/2 medium (1 L)
containing 4 mM NHþ

4 at 181 C under a 14:10-h light:dark
cycle. Increases in cell number were monitored with a Multi-
sizer II (Beckman Coulter, Fullerton, CA, USA). When the cell
density reached 1.5 � 106 cells �mL�1, cells were harvested
with low speed centrifugation (4000 g for 10 min) and washed
twice with nitrogen-free medium. The washed cells were re-
suspended in f/2 medium containing 4 mM NO�

3 and incubated
at 181 C in the light. The induced cells were harvested hourly
over a 7-h incubation with NO�

3 . The protocol for the second
induction experiment was amended to include an initial period
of nitrogen starvation. The cells were washed twice with nitro-
gen free medium and then resuspended in f/2 medium with-
out any nitrogen source and incubated overnight. One hour
after the light cycle started, an NO�

3 spike of 4 mM concentra-
tion was added and the cells were harvested after 30-min, 1-h,
and 2-h incubation with NO�

3 .
For NR transcript repression, cells were pregrown in f/2

medium containing 4 mM NO�
3 , and growth was monitored

by cell density as above. Once the cell density reached
1.5 � 106 cells �mL�1, cells were centrifuged and washed twice
with nitrogen-free medium. The cells were resuspended in h/2
medium containing 4 mM NHþ

4 and harvested once every hour
over a 6-h incubation in the light.

NR transcript induction during the diel cycle. The diel cycle of
NR transcription was investigated after the cells were grown
in f/2 medium containing 4 mM NO�

3 . Once the cell density
reached 1.5 � 106 cells �mL�1, the cells were centrifuged,
resuspended in fresh f/2 medium with NO�

3 , and incubated
overnight. The cells were harvested 30 min before the light
cycle started and then at the point of the beginning of the
light cycle. The cells were then harvested 30 min, 1 h, and 2 h
after the beginning of the light cycle.

NR transcript response with different nitrogen sources. To test
the response of NR transcript to various nitrogen sources,
the cells, pregrown in NHþ

4 , were transferred to fresh medi-
um containing 4 mM concentration of NHþ

4 , urea, NO�
3 or

TABLE 2. GenBank accession numbers and size (number
of amino acids) of NR genes.

Genus and species GenBank no. Animo acids

Higher plants
Arabidopsis thaliana nia1 AC012193 917
Arabidopsis thaliana nia2 P11035 917
Spinacia oleracea M32600 926
Lycopersicon esculentum X14060 911
Nicotiana tabacum nia1 X14058 904
Nicotiana tabacum nia2 X14059 904
Phaseolus vulgaris X53603 881
Betula pendula X54097 898
Cucurbita maxima M33154 918
Horedeum vulgare nar1 X57845 915
Horedeum vulgare nar2 X60173 891
Oryza sativa P16081 916
Zea mays AF153448 910

Green algae
Chlorella vulgaris U39931 877
Volvox carteri X64136 864
Chlamydomonas reinhardtii AF203033 882
Dunaliella tertiolecta AY078279 876

Fungi
Aspergillus niger JQ1525 867
Emericella nidulans JH0182 873
Neurospora crassa S16292 982
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NO2
� , or no nitrogen source. In addition, NR transcript in-

duction was investigated in response to mixtures of NHþ
4 and

NO�
3 or urea and NO�

3 . The cells were incubated overnight in
each different condition of nitrogen exposure or depletion at
continuous light and then harvested by centrifugation. All
the experiments described above were repeated with two
different batches of cultures, except the first induction ex-
periment in which nitrate was added without a proceeding
nitrogen starvation period.

RESULTS

Cloning genomic NR gene from Dunaliella tertiolecta.
PCR was performed using primers NRMOF and
NRFE2R with genomic DNA of D. tertiolecta and gen-
omic DNA of C. vulgaris as a control. A PCR with the
genomic DNA of C. vulgaris generated the 822-bp
PCR product expected from the genomic NR gene
sequence of C. vulgaris. The PCR with the genomic
DNA of D. tertiolecta generated a 1,313-bp PCR prod-
uct (not shown). When cloned into a PCR vector (To-
poTA kit) and sequenced, this product was found to
have high similarity to the expected regions of NR
genes from C. vulgaris, Volvox carteri, and Chlamydo-
monas reinhardtii. The partial NR gene clone of D. ter-
tiolecta was found to have two introns (Table 3) as do
the other algal NR genes, although the positions of
introns are slightly different among the green algae.
The size of the first intron (740 bp) found in D. ter-
tiolecta was much larger than those found in freshwa-
ter green algae. In contrast, the second intron (119
bp) in D. tertiolecta NR was shorter than in other algal
NRs. The % GþC contents of two introns were
52.4% and 53.8%, respectively. These two introns be-
gan with the sequence GTG and ended with CAG,
which matched the consensus 5 0 and 3 0 intron splice
sites for mRNA. The 30 acceptor splice sites were also
preceded by pyrimidine-rich sequences as is a com-
mon feature of mRNA 3 0 splice sites.

Complete NR gene from Dunaliella tertiolecta. The
30-end RACE PCR generated a 2.1-kb PCR product
of NR gene, which was confirmed by cloning and
sequencing. To obtain the 5 0-end region of the D. ter-
tiolecta NR gene, 5 0 RACE cDNA was initially synthe-
sized with an oligo(dT)-primer. However, a PCR
product of only 500 bp was obtained from PCR am-
plification with the reverse NR gene specific primer
(DTNR2R) and 5 0 RACE universal primer mix, al-
though a PCR product of 1.5 kb was expected. The
unexpectedly short (500 bp) PCR product obtained

from the 5 0-end RACE was confirmed as a part of NR
gene by cloning and sequencing. By using the mod-
ified reverse transcript PCR, the remainder of the
complete NR gene of D. tertiolecta was successfully
amplified and cloned. The full-length NR cDNA is
3514 bp, with a 5 0 untranslated region of 67 bp and a
3 0 untranslated region of 816 bp. The translated re-
gion is 2631 bp with 57.7% GþC content.

Deduced amino acid sequences of Dunaliella tertiolecta
NR. The amino acid sequence of D. tertiolecta NR was
aligned with the NRs from freshwater green algae
and the higher plant Arabidopsis thaliana (Fig. 1). On
the basis of the alignment, the N-terminal region
contained 54 amino acids before the molybdopterin
region started. The molybdopterin region spanned
Ala55 to Arg293 and the dimer interface region fol-
lowed from Val294 to Asp447 on the D. tertiolecta NR.
The cytochrome b region occupied residues Ser518 to
Ser596 between two hinge regions, which contained 47
and 24 residues, respectively. The FAD region was lo-
cated between Glu621 and Asn739, and the NADH re-
gion followed from Gly740 to Phe876. Most of the
essential amino acid residues were the same as Arab-
idopsis NR with the following exceptions. Glu360 in
Arabidopsis NR, involved in ionic bonding at the inter-
face, was substituted with Asp320 in D. tertiolecta NR,
which was observed in freshwater green algal NRs as
well. Ser534 in Arabidopsis NR was substituted with
Ala504, which was different from other algal NRs,
which contain Pro at this position. Lys711 (751 in
Arabidopsis NR) was conserved in D. tertiolecta and C.
vulgaris but substituted with Phe in C. reinhardtii and
V. carteri.

Phylogenetic analysis of Dunaliella tertiolecta NR.
Phylogenetic analysis of NR amino acid sequences
showed that D. tertiolecta NR belonged to the cluster
of algal NRs, which were clearly separated from high-
er plant NRs and fungal NRs (Fig. 2). Dunaliella ter-
tiolecta NR had 50.6% amino acid sequence identity
with C. vulgaris NR and showed 58.4% and 59.4%
identity with the NRs of C. reinhardtii and V. carteri,
respectively.

Induction of NR transcript by nitrate. The induction
of D. tertiolecta NR transcript was initially measured in
the cells pregrown with 4 mM ammonium and then
transferred to fresh medium with 4 mM nitrate and
harvested once an hour over 7 h in the light. Increase
in NR transcript level was not detected until 3 h after
nitrate addition and transcript abundance increased

TABLE 3. Partial genomic NR gene sequwnce comparison in green algal NRs.*

Genus and species Size of fragment Number of introns Number of exons Size of introns Size of exons %GþC of introns

Dunaliella tertiolecta 1313 bp 2 3 740/119 bp 165/135/154 bp 52.4/53.8
Chlorella vulgaris 822 bp 2 3 271/175 bp 173/140/63 bp 58.7/54.9
Chlamydomonas reinhardtii 869 bp 2 3 210/226 bp 37/296/100 bp 63.3/65.5
Volvox carteri 757 bp 2 3 178/144 bp 39/296/100 bp 43.3/54.9

*The partial genomic NR genes amplified with primers NRMOF and NRFE02R were compared. The DNA sequence of partial
genomic NR gene in D. tertiolecta was deposited to the GenBank (AY575952).

BONGKEUN SONG AND BESS B. WARD724



FIG. 1. Amino acid sequence comparison among algal NRs and Arabidopsis NR. Bold type indicates the beginning of different sub-
units. Underlined text with plain type indicates the important amino acid sequences conserved through different NRs. Underlined text
with bold type indicates the variation of amino acid residues among the important amino acids in NRs. Underlined italic text with bold
type indicates phosphorylation and secondary binding site of 14-3-3 proteins involved in posttranscriptional regulation.
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sharply during the following 3 to 4 h of incubation
(Fig. 3). The NR transcript accumulated to maximum
level up to 6 h, and then the transcript level declined
(Fig. 3). The timing of maximum induction appeared
to depend on the level of nitrogen depletion in the
cells or medium. In a separate experiment, in which
the addition of nitrate followed overnight nitrogen
starvation, NR transcript was induced immediately
after nitrate was spiked into the medium and reached
maximum level after 1 h. The level of NR transcript
declined by 20% compared with the maximum after
2 h incubation (Fig. 4).

Repression of NR transcript by ammonium. The re-
pression of NR transcript was tested with cells pre-
grown with nitrate and then transferred to fresh
medium with ammonium and harvested once every
hour over 6 h in the light. The repression of NR oc-
curred gradually over 2 h (Fig. 5). Initial NR expres-
sion had decreased by 80% after 2 h of incubation
with ammonium.

Induction of NR transcript during the light:dark cy-
cle. The effect of the diel cycle on NR transcript in-
duction was tested with the cells grown with nitrate
on a 14:10-h light:dark cycle. The NR transcript was

maintained at basal level in the dark (Fig. 6). The NR
transcript increased after the light cycle started and
maximized within 1 h exposure to light. NR tran-
script abundance declined by 25% between 1 and 2 h
in the light (Fig. 6).

Response of NR transcript with different nitrogen sour-
ces. The effect of different nitrogen sources on NR
transcript induction was measured with the cells pre-
grown with ammonium and transferred to seven dif-
ferent conditions of nitrogen: nitrate only, nitrite
only, ammonium only, urea only, mixture of nitrate
and ammonium, mixture of nitrate and urea, and
nitrogen-depleted conditions. The NR transcript re-
sponse was determined by RT-PCR using DTNR1F
and DTNR1R primers. Dunaliella tertiolecta NR genes
were amplified from the cDNAs of the cells incubated
with nitrate, nitrite, and mixture of nitrate and urea
(Fig. 7). The NR transcript was not induced in the
cells incubated with ammonium and urea nor under
nitrogen-depleted conditions (Fig. 7). In addition,
the NR transcript was repressed by ammonium, as
shown in the cells incubated with the mixture of am-
monium and nitrate. Interestingly, NR transcript was
induced in the presence of urea when nitrate was

FIG. 1. (Continued)
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added, which showed the lack of repression of NR
transcript by urea. PCR amplification of NR genes
was performed with three different cycles (25, 30,
and 35 cycles), which showed the same patterns of the
gene expression. 18S rRNA was amplified in all the
cDNAs used, which showed no deficiency of cDNA
synthesis and PCR amplification (Fig. 7).

NR transcript induction in the cells incubated with
nitrate, nitrite, ammonium, urea, and nitrogen-deplet-
ed conditions was quantified and confirmed using RPA
analysis (data not shown), and the results were consist-
ent with RT-PCR analysis (Fig. 7). NR transcript levels
induced by nitrite were 40% of the maximum level in-
duced in response to nitrate (data not shown).

FIG. 2. Phylogenetic tree of NR
amino acid sequences. The length of
amino acid sequences used in this anal-
ysis are listed in Table 2.

FIG. 3. NR transcript induction with nitrate, quantified by
band density in RPA assays. The cells were pregrown with am-
monium and transferred to nitrate medium without nitrogen
starvation period. NR transcript abundance was calculated as
percent assuming that the most highly induced NR transcripts
abundance5100%.

FIG. 4. NR transcript induction with nitrate after nitrogen
starvation quantified by band density in RPA assays. The cells
were pregrown with ammonium and transferred to nitrogen
free medium overnight. Nitrate was spiked next morning. Error
bars represent the range of two separate experiments. The ex-
periments were repeated with two different batches of cultures.
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DISCUSSION

NR genes in various eukaryotic organisms including
several freshwater green algae have been found and
well characterized in terms of their regulation. Algal
NR genes (in their genomic sequences) have more in-
trons than those in other eukaryotes (e.g. 1 to 3 in
higher plants vs. 10 to 15 in algae) (Zhou and Klein-
hofs 1996). This higher number of introns in algae
seems to relate to posttranscriptional processing and
channeling messages (Gruber et al. 1996). The partial
genomic NR genes from marine green alga D. tertiolecta
showed two introns in the cloned regions as is charac-
teristic of algal NR genes. However, the first intron in
the NR gene from marine green alga D. tertiolecta was
much larger than in other freshwater green algal NRs
(Table 3). This different size of introns in the NR genes
may be useful for identifying eukaryotic phytoplank-
ton in the aquatic environment, although extensive
cloning of genomic NR genes from various algae

would be required to verify the approach. In addition,
whether the difference is characteristic between fresh-
water and marine oriented organisms on the basis of
their habitats warrants further investigation of addi-
tional marine species.

The complete NR gene sequence of D. tertiolecta was
obtained using the RACE PCR technique instead of
constructing cDNA or genomic DNA libraries. The
cloned complete NR gene contained 162 nucleotides
of untranslated region before the N-terminal region of
the NR, but a transcriptional start site was not found.
The deduced amino acid sequences of NR showed
high similarities with algal NRs and contained the most
essential amino acid residues with three exceptions.
Ala504 in D. tertiolecta NR corresponds to Ser534 in
Arabidopsis, which is involved in NR inactivation by
phosphorylation and binding 14-3-3 proteins during
posttranslation in higher plants (Campbell 1999, Kai-
ser and Huber 2001, MacKintosh and Meek 2001).
The inhibition of 14-3-3 protein binding to active NR
has been observed in Arabidopsis NR studies when the
Ser534 residue was substituted with Ala by site directed
mutagenesis (Kanamaru et al. 1999). However, the
binding of 14-3-3 proteins to Arabidopsis NR was re-
stored when Ile561 residue was substituted with either
Leu or Phe or the Lys531 residue was substituted with
Glu (Kanamaru et al. 1999). Interestingly, D. tertiolecta
NR contained Glu501 and Phe539 corresponding to
Lys531 and Ile561 in Arabidopsis NR, respectively.
However, D. tertiolecta NR does not have the conserved
14-3-3 protein binding motif RSXS*X(P) (where S* is a
phosphrylated Ser531 in Arabidopsis NR), which was
also absent in other green algal NRs (Pozuelo et al.
2001). Chlamydomonas reinhardtii NR was not inactivated
by 14-3-3 protein due to lack of Ser534 residue and 14-
3-3 protein binding motif (Pozuelo et al. 2001). Thus,
the posttranslational regulation of D. tertiolecta NR by
14-3-3 proteins cannot be inferred from the amino
acid sequences. Further investigation is necessary to
understand posttranslational regulation of NR in ma-
rine phytoplankton. In addition, Lys711 in D. tertiolecta
corresponding to Lys751 in Arabidopsis and Lys714 in
C. vulgaris, involved in binding NADH, is Phe in
C. reinhardtii and V. carteri. This substitution might pro-
vide different affinity for NADH bindings in different

FIG. 5. NR transcript repression by ammonium quantified
by band density in RPA assays. The cells were pregrown with
nitrate and transferred to ammonium medium. The experi-
ments were repeated with two different batches of cultures.

FIG. 6. NR transcript response during diel cycle quantified
by band density in RPA assays. The cells were grown with nitrate
medium in a 14:10-h light:dark cycle. The experiments were
repeated with two different batches of cultures.

FIG. 7. RT-PCR analysis of NR transcript response with dif-
ferent nitrogen conditions. The cells were pregrown with am-
monium, transferred to different nitrogen conditions, and
incubated overnight. PCR products were visualized on 2% ag-
arose gel after 30 cycles of amplification. The experiments were
repeated with two different batches of cultures.
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algal NRs. Interpretation of the slight variation in se-
quences requires caution because DNA sequences ob-
tained by PCR may contain minor random sequence
changes due to Taq polymerase error.

The induction of NR transcript (measured by RPA)
in marine green alga D. tertiolecta was maximized with-
in 6 h after transferring cells from ammonium to ni-
trate media. The induction of NR transcript is much
slower than that found in freshwater green algae,
which was maximized within 30 min (Gruber et al.
1992, Cannons and Pendleton 1994, Quesada and
Fernández 1994). In addition, the severe repression
of NR transcript, which was observed after a 2-h incu-
bation in ammonium after growth in nitrate, took only
15 min in freshwater green algae (Cannons and Pendl-
eton 1994). The slow response of NR transcript to am-
monium and nitrate in D. tertiolecta might be related to
the growth temperature of D. tertiolecta. The cells of
D. tertiolecta were grown at 181 C, which is a represen-
tative ambient temperature in the temperate surface
ocean. The experiments with freshwater green algae
were performed at 251 C, and optimum temperature
for NR activities in D. tertiolecta is around 351 C (Gao
et al. 2000). Thus, the growth temperature of D. ter-
tiolecta slowed the activities of NR, which might con-
tribute to the slow response of NR transcripts in
D. tertiolecta. However, this slow response could also
represent an ecologically significant metabolic differ-
ence between marine and freshwater green algae. A
large difference in nitrate uptake rates between the
marine green alga D. tertiolecta and the freshwater
green alga C. reinhardtii have been reported (Watt
et al. 1992, Lomas and Glibert 2000). Dunaliella
tertiolecta had a maximum nitrate uptake rate of
80 fmol N � cell�1 �h� 1 when 0.2 mM nitrate was pre-
sent in the medium (Lomas and Glibert 2000). How-
ever, the maximum nitrate uptake rate for C. reinhardtii
was only 1.5 fmol N � cell� 1 �h� 1 at the same nitrate
concentration (Watt et al. 1992). In addition, D. ter-
tiolecta had internal pools of approximately 4.9 mmol
N �L� 1 of nitrate or about 17.3 mmol N �L� 1 of am-
monium when growing on f/2 N levels (Lomas and
Glibert 2000). Higher nitrate uptake rate and larger
internal pools of inorganic nitrogen were also found in
marine diatoms and marine flagellates (Lomas and
Glibert 2000). Marine eukaryotic phytoplankton, com-
pared with freshwater eukaryotic phytoplankton, seem
to have higher uptake rates and storage capabilities for
inorganic nitrogen. This may be selective in the ocean
where inorganic nitrogen is limiting, although the fur-
ther investigation is required to understand the met-
abolic and biochemical differences in freshwater and
marine phytoplankton.

The amount of organic nitrogen stored inside the
cells also affected nitrogen metabolism in D. tertiolecta.
Low efficiency of nitrogen assimilation was observed
once the cells produced large amounts of protein by
growing in high concentration of nitrate or nitrite
(higher than 2 mM of nitrogen) (Fabregas et al. 1989).
The cells of D. tertiolecta were grown in 4 mM of nitro-

gen as nitrate or ammonium in this study. Therefore,
the cells likely accumulated sizable internal pools of
nitrogen either as inorganic or organic forms, and until
the stored internal nitrogen pools were consumed, the
NR transcript levels might not respond to the external
nitrogen sources.

The second experiment on NR transcript induc-
tion, in which a starvation period was included before
induction, tested whether growth temperature or in-
ternal nitrogen pools affected the slow response of
NR transcripts. The cells pregrown in ammonium
were transferred to nitrogen-free medium and
starved for nitrogen overnight. Once nitrate was add-
ed to the cell suspensions, NR transcript increased
within 30 min and then reached maximum within 1 h,
the same time frame as seen in freshwater green algal
NRs. Thus, the slow response of NR transcript induc-
tion in the previous experiment with D. tertiolecta was
likely related to higher nitrogen storage capabilities
than freshwater green algae rather than to growth
temperature.

The NR transcript was induced with nitrite after
transferring cells from ammonium to nitrite. The NR
transcript in the cells incubated with nitrite overnight
was induced to 40% of the level induced by nitrate.
Nitrite was considered to repress the NR transcript in
freshwater green alga C. reinhardtii because nitrite is the
product of nitrate reduction (Loppes et al. 1999, Lla-
mas et al. 2002). However, NR from higher plants and
C. reinhardtii could be induced by the addition of nitrite
during the dark, which generated NO as a byproduct
from nitrite (Dean and Happer 1988, Sakihama et al.
2002, Yamasaki and Sakihama 2000). The NR tran-
script induction in D. tertiolecta with the addition of ni-
trite might be related to NO production by NR.

NR transcript in D. tertiolecta was not induced when
nitrogen was depleted, which was the opposite of find-
ings with freshwater green algae (Gruber et al. 1992,
Quesada and Fernández 1994, Dawson et al. 1996,
Loppes et al. 1999). In addition, the D. tertiolecta NR
transcript was not induced in the presence of urea.
However, NR transcript was induced when nitrate and
urea were provided together, which was also reported
in V. carteri (Gruber et al. 1992). Thus, the response to
urea alone represents not repression by urea, but lack
of induction due to the absence of nitrate. Conversely,
lack of induction of NR transcript in the cells grown
with ammonium plus nitrate clearly showed the re-
pression of NR transcription by ammonium.

Enhancement of NR transcript levels by light was
observed in freshwater green algae grown in nitrate
medium (Gruber et al. 1992, Quesada and Fernández
1994). Illumination also affected the induction of NR
transcript in D. tertiolecta. The increase of NR activity in
D. tertiolecta during the light cycle has been reported
previously (Grant 1967). Dunaliella tertiolecta NR tran-
script remained at basal levels when the cells were in
the dark and started to increase once light was pro-
vided. However, NR transcript abundance was maxi-
mized within an hour and then started to decline, as
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also observed in freshwater green algae (Gruber et al.
1992, Quesada and Fernández 1994).

In conclusion, we report for the first time a com-
plete NR gene cloned from a marine eukaryotic phyto-
plankton, D. tertiolecta. The deduced amino acid
sequence of D. tertiolecta NR showed high similarities
with freshwater green algal NRs, but the transcription-
al regulation was very different from that observed
in freshwater green algal NRs. The NR transcript in
D. tertiolecta was positively regulated by nitrate and ni-
trite as well as by light and was repressed by ammoni-
um. In addition, NR transcript was not induced when
nitrogen was depleted. Transcriptional regulation ap-
pears to be strongly related to the internal nitrogen
status of the cells. The importance of internal pools
and the regulation of uptake rates by internal nitrogen
status should be explored further, because they are
of great relevance to the ecological success of marine
species.
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