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Nitrate transporter systems initiate nitrate uptake
in photoautotrophic organisms including marine
phytoplankton. The functional genes encoding high-
affinity nitrate transporters (Nrt2) in marine phyto-
plankton were investigated in this study. Direct PCR
amplification with newly developed primers was used
to detect Nrt2 genes in cultured marine phytoplank-
ton species: Dunaliella tertiolecta Butcher (Chlorophy-
ceae); Emiliania huxleyi (Lohmann) W. H. Hay
et H. Mohler (Haptophyceae); and four diatoms,
including Thalassiosira weissflogii (Grunow)
G. A. Fryxell et Hasle, Skeletonema costatum (Grev.)
Cleve, Ditylum brightwellii (T. West) Grunow, and
Chaetoceros muelleri Lemmerm. (Bacillariophyceae).
Phylogenetic analysis of the detected Nrt2 genes
identified three distinct clusters grouped by each
class of phytoplankton species. Transcriptional abun-
dance (mRNA) of Nrt2 genes in D. tertiolecta, E. hux-
leyi, T. weissflogii, and C. muelleri were measured
using quantitative reverse transcriptase-PCR assays
under various nitrogen conditions. The diatoms and
E. huxleyi induced Nrt2 gene transcripts both in the
presence of nitrate and under nitrogen (N) starva-
tion, while the Nrt2 transcript in D. tertiolecta was
induced only when nitrate was present. Chaetoceros
muelleri exhibited the highest transcript induction of
the Nrt2 gene. The transcriptional abundance of the
Nrt2 genes in C. muelleri was further examined with
short-term nitrate incubation of cells grown under
N-sufficient or N-starved conditions. The maximum
induction of Nrt2 gene transcripts was observed
within 1 h after nitrate was added. Thus, we report
differential induction and regulation of Nrt2 genes
in the selected phytoplankton species to varying con-
ditions of external N.

Key index words: diatom; Dunaliella tertiolecta;
Emiliania huxleyi; high-affinity nitrate transporter
genes; nitrate uptake

Abbreviations: HATS, high-affinity transporter sys-
tem; LATS, low-affinity transporter system; MFS,

major facilitator superfamily; NRT2, high-affinity
nitrate transporter system; RACE, rapid amplifi-
cation of cDNA ends; QRT–PCR, quantitative
reverse transcriptase–PCR

Primary production in the ocean is supported by
nutrient inputs. Nitrogen (N) is the macronutrient
most likely to limit phytoplankton growth in the
ocean. Individual phytoplankton species differ in
their ability to utilize available N sources (Harris
1986, Lomas and Glibert 1999). Nitrate is the pre-
dominant form of N available for phytoplankton
growth in some ecosystems, although ammonium is
usually considered to be the preferred N source.
This is supported by the observation that nitrate
uptake by phytoplankton is often inhibited by the
presence of ammonium. The complete inhibition of
nitrate uptake and assimilation was observed at
>1 lM concentrations of ammonium in both culture
and field experiments (Eppley et al. 1969, McCarthy
et al. 1975, Lomas and Glibert 1999). However,
ammonium and nitrate interactions, including
ammonium inhibition of nitrate uptake, have been
shown to be considerably more complex (see Dort-
ch 1990 for review). Nitrogen preference, inhibi-
tion, and environmental conditions—such as
nitrogen availability, light, and species composi-
tion—are all factors in determining phytoplankton
N utilization.

Nitrate uptake and assimilation in phytoplankton
are carried out by the transporter protein and the
assimilating enzymes, nitrate reductase and nitrite
reductase (Galván and Fernández 2001). Nitrate
uptake in marine phytoplankton is often uncoupled
from assimilation, as demonstrated by the accumula-
tion of large intracellular nitrate pools (DeManche
et al. 1979, Collos 1982, Dortch 1982, Dortch and
Conway 1984, Dortch et al. 1991a,b, Lomas and
Glibert 2000). Depending on the phytoplankton
species and growth conditions with N (sufficient,
limited, starved, or depleted), the degree of
uncoupling of nitrate uptake and assimilation varies
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(Collos 1982, Dortch et al. 1991a,b). Thus, the
transporter and reductase appear to be differentially
regulated during N metabolism depending on the
phytoplankton species and growth conditions.

Nitrate transporters are differentiated as high-
affinity transporter system (HATS) and low-affinity
transporter system (LATS), depending on the affin-
ity and capacity of transporting nitrate. The HATS
in higher plants operates when external nitrate con-
centrations are less than 250 lM, while LATS acti-
vates when nitrate is greater than 1 mM (Galván
and Fernández 2001). Both HATS and LATS can
also be distinguished as either constitutively
expressed or inducible by nitrate. Two gene famil-
ies, NRT1 and NRT2, encode nitrate transporter sys-
tems (Forde 2000, Galván and Fernández 2001).
Mutagenesis studies (Filleur et al. 2001, Cerezo
et al. 2001) demonstrated that the genes of the
NRT2 family encode HATS of nitrate. The HATS
(NRT2 type) are of primary interest for marine phy-
toplankton because of the low concentration of
nitrate in the marine environment. Depending on
the phytoplankton, half-saturation constants (Ks) of
HATS were estimated at 0.1–2 lM N Æ L)1 at nitrate
concentrations of 5–20 lM N Æ L)1 (see Collos et al.
2005 for review). Nitrate-uptake kinetics in diatoms
and dinoflagellates initially saturate below concen-
trations of 40 lM N, which is mediated by HATS
(Lomas and Glibert 2000). The LATS leads to non-
saturation of nitrate uptake at nitrate concentrations
>60 lM N (Lomas and Glibert 2000). Thus, HATS
is responsible for nitrate uptake in various phyto-
plankton species in the marine environment as
ambient nitrate concentration is >10 lM N Æ L)1

and rarely reached up to 100 lM N Æ L)1 [see Collos
et al. (2005) for a review].

Study of the transcriptional regulation of high-
affinity nitrate transporter genes (Nrt2) in phyto-
plankton has mostly focused on freshwater green
algae [Chlamydomonas reinhardtii P. A. Dang. Chlorella
sorokiniana Shihara et C. Krauss, and Dunaliella salina
(Dunal) Teodor.], in which the Nrt2 gene transcript
is generally induced by nitrate and inhibited by
ammonium (Navarro et al. 1996, Koltermann et al.
2003, He et al. 2004). Multiple copies of Nrt2 genes
were found in higher plants and green algae (Gal-
ván and Fernández 2001). Differential expression of
three Nrt2 genes (Nrt2:1, Nrt2:2, and Nrt2:3) was
observed in C. reinhardtii depending on the sources
of carbon (C) and N. Only one study has been car-
ried out with marine phytoplankton species. Hilde-
brand and Dahlin (2000) reported the detection
and characterization of multiple copies of Nrt2
genes in the pennate diatom Cylindrotheca fusiformis
Reimann et Lewin. The Nrt2 gene transcript in
C. fusiformis was induced in the presence of nitrate
and urea as well as under N starvation, while ammo-
nium and nitrite repressed the Nrt2 transcripts. Dif-
ferential regulation of Nrt2 transcript induction was
also observed during the cell cycle. This important

work laid the foundation for our comparative study
with centric diatoms and other marine phytoplank-
ton species and for the development of methods for
detecting Nrt2 genes in diverse phytoplankton spe-
cies. Here, we report on the development of Nrt2
gene–specific primers and PCR conditions to detect
Nrt2 genes in phytoplankton species belonging to
Chlorophyceae, Haptophyceae, and Bacillariophy-
ceae. The PCR-based assays were used to investigate
transcriptional responses of Nrt2 genes in four mar-
ine phytoplankton species under different N condi-
tions and the short-term response of Nrt2 genes in a
centric diatom, C. muelleri, under N-sufficient or
N-starved conditions. This study thus extends the
Nrt2 gene data base and provides information on
Nrt2 gene transcript regulation under varying N
conditions in marine phytoplankton species.

MATERIALS AND METHODS

Strains and growth conditions. Cultures were obtained from
the Provasoli-Guillard National Center for Culture of Marine
Phytoplankton (CCMP, West Boothbay Harbor, ME, USA), the
Plymouth Culture Collection of Algae (PCC, Plymouth, UK),
and the Plymouth Marine Laboratory (PML, Plymouth, UK).
One marine green alga (Dunaliella tertiolecta CCMP 1320), one
coccolithophorid (Emiliania huxleyi PML DWN), and five
diatoms [Asterionellopsis glacialis (F. Casstracane) Round CCMP
139, C. muelleri CCMP 1316, Ditylum brightwellii CCMP 1582,
Thalassiosira weissflogii CCMP 1336, and Skeletonema costatum
PPC 582] were used in this study. All the marine phytoplankton
species were grown in Aquil artificial seawater medium (Price
et al. 1988) with 0.1 mM nitrate as the N source. Cells were
synchronized in a 14:10 light:dark cycle at 18�C with fluores-
cent light (180–200 lmol photons Æ m)2 Æ s)1). The cultures
were harvested during the light cycle for all experiments that
followed.

RNA and DNA isolation. Total RNA of each phytoplankton
species was extracted using an EZNA� plant RNA extraction kit
(Omega Bio-tek, Doraville, GA, USA) following the manufac-
turer’s instructions. The extracted RNA was treated with DNAse
(2 U) and stored at )80�C until used for experiments.
Genomic DNA was extracted using EZNA� plant DNA mini-
prep kit (Omega Bio-tek) following the manufacturer’s instruc-
tions.

Primer design and rapid amplification of cDNA ends (RACE)–PCR
amplification. A forward degenerate primer (primers provided
by Integrated DNA Technologies, Coralville, IA, USA) for high-
affinity nitrate transporter genes (Nrt2) was designed after
comparing three different high-affinity nitrate transporter
(NRT2) amino acid sequences from a higher plant (Arabidopsis
thaliana), a green alga (C. reinhardtii), and a diatom (C. fusiformis).
A highly conserved region near the N terminal sequences of
NRT2 was recognized as a suitable primer site (NAT1F,
Table 1) by the Codehop program (http://bioinformatics.
weizmann.ac.il/blocks/codehop.html). Total RNAs of S. costatum
and T. weissflogii were used as a template to synthesize oligo
(dT)–primed cDNA using the RACE kit (BD Science Clontech,
Palo Alto, CA, USA) following the manufacturer’s instructions.
The 3¢ RACE–PCR was performed with the NAT1F primer, and
the 3¢ RACE universal primer mix in a total volume of 50 lL
containing 5 lL of 10· Advantage II PCR bufferTM (Clontech,
Mountain View, CA, USA), 0.2 mM of each deoxyribonucleo-
side triphosphate, 0.2 lM of each primer, 1 U Advantage Taq
polymerase (Clontech), and 2 lL of 3¢ RACE cDNA. The PCR
program began with five cycles of a 30 s denaturation step at
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94�C, followed by a 3 min extension at 72�C for the first round,
and for the second round, a 30 s denaturation at 94�C followed
by a 30 s primer annealing at 70�C and a 3 min extension at
72�C for five cycles. The PCR was continued for 30 cycles with a
30 s denaturation at 94�C, followed by a 30 s primer annealing
at 68�C and a 3 min extension at 72�C. To obtain the 5¢ region
of the diatom Nrt2 genes, the reverse transcription reaction was
modified to synthesize cDNA using 5¢ RACE from total RNA as
a template. Synthesis was carried out with a combination of a
SMART oligo primer (BD Science Clontech) and an Nrt2 gene–
specific reverse primer (SCNAT2R for S. costatum and
TWNAT2R for T. weissflogii), which replaced the oligo (dT)–
primer in the manufacturer’s instructions. The gene-specific
primers were designed from the Nrt2 genes of each diatom.
The 5¢ RACE–PCR amplification was performed with the same
Nrt2 gene–specific reverse primers (SCNAT2R or TWNAT2R)
and 5¢ RACE universal primer mix under the same PCR
conditions as described above.

Cloning and sequencing RACE–PCR products. The amplified
products were examined on 1.0% agarose gels by electrophor-
esis and were then purified using QiaquickTM gel extraction kit
(Qiagen, Bothell, WA, USA) following the manufacturer’s
instructions. The cleaned PCR products were cloned (TOPO-
TATM cloning kit; Invitrogen, Carlsbad, CA, USA), and the
ligated plasmids were transformed in high-transforming-effi-
ciency Escherichia coli TOP10F¢TM (Invitrogen) following the
manufacturer’s instructions. The transformed cells were plated
on Luria–Bertrani (LB) agar plates containing 50 lg Æ mL)1

kanamycin. The inserts were sequenced using Big-dyeTM

terminator chemistry (Applied Biosystems, Foster City, CA,
USA) and an ABI model 310 automated DNA sequencer
(Applied Biosystems). The clones containing RACE–PCR
products were sequenced with several internal primers desig-
ned by gene walking.

The complete sequence of cDNA clones from S. costatum and
the NATcDNA gene sequences from C. fusiformis were used for
hydropathic analysis (Kyte and Doolittle 1982) with a window
of 11 amino acids using the hydropathy plot program (http://
fasta.bioch.virginia.edu/o_fasta/grease.htm).

Degenerate primer design and PCR amplification. Two sets of
primers were designed to obtain diatom Nrt2 and green algal
Nrt2 genes once near-complete Nrt2 genes were sequenced
from two diatoms, S. costatum and T. weissflogii (Table 1).
Amino acid sequences of Nrt2 genes from diatoms (C. fusifor-
mis, S. costatum, and T. weissflogii), one green alga (C. rein-
hardtii), and five higher plants [A. thaliana (AAC35883),
Glycine max (AAC09320), Hordeum vulgare (JC5054), Nicotiana
plumbaginifolia (CAA69387), and Oryza sativa (BAA33382)]
were aligned (Fig. 2). The conserved areas within diatoms,
which are different from the NRT2 sequences of green alga

and higher plants, were selected to design the specific primers
for diatom Nrt2 genes. In addition, green algal Nrt2-specific
primers were designed from the conserved regions of NRT2
from C. reinhardtii and higher plants.

Nested PCR amplification was used to obtain Nrt2 genes
from seven marine phytoplankton species (Table 2). The first
PCR cycle began with a 5 min denaturation step at 94�C,
followed by 35 cycles of a 30 s denaturation at 94�C, primer
annealing of 30 s at 60�C, followed by a 2 min extension at
72�C. The PCR amplification was performed in a total volume
of 50 lL containing 5 lL 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 lM of each primer, 1 U
Taq polymerase, and �100 ng of genomic DNA. For nested
PCR amplification, the PCR cycle began with a 2 min denatur-
ation step at 94�C, followed by 30 cycles of a 30 s denaturation
at 94�C, primer annealing of 30 s at 60�C, and then by a 1 min
extension at 72�C. The internal PCR amplification step was
performed in a total volume of 50 lL as above, but using 1 lL
of the first PCR reaction as a template. The amplified products
were gene cleaned and cloned as described above. At least 10
clones of Nrt2 gene libraries from each phytoplankton were
sequenced as described above.

Phylogenetic analysis of Nrt2 gene. The DNA sequences of Nrt2
gene clones detected from six phytoplankton species were
translated to amino acid sequences. The amino acid sequences
were aligned using ClustalW (http://www.ebi.ac.uk/clustalw/),
and phylogenetic analyses were performed with PAUP 4.0
(Swofford 2002). Phylogenetic trees were reconstructed using
the neighbor-joining method (Saitou and Nei 1987), and
bootstrap values were obtained using PAUP 4.0 program.
Sequences obtained from this study were deposited in Gen-
Bank under the accession numbers from EF471021 to
EF471041.

Reference amino acid sequences were obtained from Gen-
Bank: A. thaliana (AAC35883), C. reinhardtii (Z25438 and
AJ223296), D. salina (AY621079), Chlorella sorokinana
(AY026523), C. fusiformis (AAD49571 and AAD49572), Physc-
omitrella paten (AB231676, AB231677, AB231678, and
AB231679), and Emericella nidulans (A38560). The putative
Nrt2 gene sequences of Phaeodactylum tricornutum Bohlin and
Thalassiosira pseudonana Hasle et Heimdal were obtained from
their genome Web sites (http://genome.jgi-psf.org/Phatr1/
Phatr1.home.html and http://genome.jgi-psf.org/thaps1/
thaps1.home.html, respectively).

Quantitative reverse transcriptase–PCR analysis of Nrt2 gene
transcripts. To examine transcriptional abundance of Nrt2
genes in response to changes in N source, four phytoplankton
species (D. tertiolecta, E. huxleyi, T. weissflogii, and C. muelleri)
were selected for further analysis. Cells were pregrown in Aquil

Table 1. The PCR primers for high-affinity nitrate transporter (Nrt2) genes in marine phytoplankton.

Primer Orientation Sequence (5¢–3¢) Tm Targeted amino acids

Diatom primers
NAT1F Forward CCAAGCCCCACATGAGGRCNTTYCANYT 74.6 42RPHMRAFHF in Cylindrotheca fusiformis
DANAT1F Forward CACCGCTTTCTTCATCTGGTTYGCNAT 63.4 57IAFFIWFAI in C. fusiformis
DANAT2F Forward GCTGCACCTTCGTGATGTGYCARTAYT 64.4 149GTFVMCQYW in C. fusiformis
DANAT1R Reverse GCACACAGCGCCGGTRTTNCCNCC 69.1 406GGNTGAVA in C. fusiformis
DANAT2R Reverse GGTGGAGCCCTCNGCNGCYTG 67.1 378QAAEGSS in C. fusiformis
SCNAT2R Reverse CAGCACGGAAGGAAGCAGCGG 64.23 257AASFRT in C. fusiformis
TWNAT2R Reverse ATCCGAAAAGAAGCCCCCGAGACC 64.5 321GAGGFLSD in C. fusiformis

Other algae primers
AGNAT1F Forward CGACATGCTGGGCCCNMGNTAYGG 67.2 107DSIGPRYG in Chlamydomonas reinhardtii
AGNAT2F Forward GGCTGGGGCAAYYTNGGNGG 62.1 177GWGNMGG in C. reinhardtii
AGNAT1R Reverse GCCGAAGTTGCCNCCNGCNCC 68 403GAGGNTG in C. reinhardtii
AGNAT2R Reverse CCGTAGGMGCGNCGNGANACRAANGG 68.3 388PFVSRRAYG in C. reinhardtii

Tm, melting temperature (�C).
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medium (1 L) with 100 lM NH4
+, except E. huxleyi, which was

grown with 100 lM NO3
). The growth of phytoplankton was

monitored by counting cell numbers using a Multisizer II
(Beckman Coulter, Fullerton, CA, USA). Once the cells
reached the middle of exponential growth phase, they were
harvested by filtration onto 47 mm diameter 1.0 lm pore-size
polycarbonate filters and washed twice with N-free medium.
The cells were then resuspended in 1 L of fresh medium and
divided into replicate treatments (200 mL each) with 100 lM
of N (NH4

+, NO3
), or NH4

+ plus NO3
)) or no N and incubated

overnight. The cells were harvested 3 h after the light cycle
started.

Chaetoceros muelleri was selected for a short-term incubation
experiment with nitrate after the cells were grown in either
N-sufficient or N-starved conditions. The cells of C. muelleri
were pregrown in Aquil medium (3 L) with 100 lM NH4

+ and
transferred to three batches of new media (1 L each) with
three different N conditions (NH4

+, NO3
), and no N). The

pregrown cells were harvested during the light cycle and
washed twice with fresh medium before transferring. Aliquots
(200 mL) were then harvested for RNA extractions after
incubations of 0, 15, and 30 min; and 1 and 2 h to determine
the abundance of Nrt2 gene transcript under N-sufficient
conditions. Transcriptional response of Nrt2 genes in C. muel-
leri was also determined after 24 h of N starvation. The cells of
C. muelleri were pregrown in a medium (4.5 L) with 100 lM
NH4

+, then transferred to a new medium (4.5 L) without N,
and incubated for 24 h. After 24 h starvation, each 1.5 L of
cells was transferred again to three different conditions: plus
NH4

+, plus NO3
), or no N. Cells (200 mL) were harvested for

RNA extraction at 0, 15, and 30 min; and at 1, 2, and 3 h.
Total RNA was extracted as described above, and the

concentration of RNA was measured using the RiboGreen
assay (Invitrogen). Total RNA (1 lg) and random hexamer
primers (dN6) were used to synthesize cDNA using a first

strand cDNA synthesis kit (Armersham, Piscataway, NJ, USA)
following the manufacturer’s instructions. The PCR primers for
quantitative reverse transcriptase (QRT)–PCR were designed
using a primer-designing program (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3.cgi) with Nrt2 gene sequences
obtained for each phytoplankton species (Table 3). Primers
were designed to yield <200 bp PCR products for optimal
quantification using the SYBR green assay system for QRT–
PCR. The QRT–PCR reactions were prepared using SYBR
Q–PCR kits (Qiagen, Valencia, CA, USA). A total of 20 ng of
cDNA (estimated on the basis of total RNAs used) was used for
each reaction. The QRT–PCR standard samples were prepared
with Nrt2 gene clones from each phytoplankton species.
Plasmids containing the target sequence for each of the four
different phytoplankton species were used to generate stand-
ard curves, which were plotted as the copy number of the Nrt2
genes on plasmid versus the number of the threshold cycle.
The copy number of the Nrt2 genes in each reaction was
determined from the standard curve for each gene. Each
QRT–PCR reaction was performed in triplicate.

RESULTS

RACE–PCR amplification of diatom Nrt2 genes. The
RACE–PCR was performed to amplify Nrt2 genes
from the cDNAs of S. costatum and T. weissflogii with
the NAT1F primer and 3¢ RACE universal primer.
The PCR amplification generated 2.0 Kb products
from both the cDNAs (Fig. 1). Both products had
high sequence similarities (67% with T. weissflogiia
and 68% with S. costatum) to the Nrt2 genes found
in the pennate diatom C. fusiformis. To obtain the
5¢-end region of the Nrt2 genes in both diatom

Table 2. The PCR amplification of high-affinity nitrate transporter (Nrt2) genes in marine phytoplankton species.

PCR amplification

DANAT1F + DANAT1R DANAT2F + DANAT2Ra AGNAT1F + AGNAT1R AGNAT2F + AGNAT2Ra

Bacillariophyta
Skeletonema costatum + + ) )
Thalassiosira weissflogii + + ) )
Chaetoceros mulleri + + ) )
Asterionella glacialis ± ) ) )
Ditylum brightwellii ± + ) )

Chlorophyta
Dunaliella tertiolecta ) ) + +

Haptophyceae
Emiliania huxleyi ) ) ) +

aNested PCR was used with the primers.

Table 3. The QRT–PCR primers for high-affinity nitrate transporter (Nrt2) genes in marine phytoplankton.

Primer Orientation Sequence (5¢–3¢) Tm Targeted phytoplankton

DTNATRT1F Forward ATGGCGCTGGTCCTTC 55.3 Dunaliella tertiolecta
DTNATRT1R Reverse GCACTCCAAAGCAGTAGCC 56.4 D. tertiolecta
TWNATRT1F Forward AGTATCTGCGGCCGCTT 57.0 Thalassiosira weissflogii
TWNATRT1R Reverse ATGGAAGCAATGGCAGC 53.6 T. weissflogii
CMNATRT1F Forward TGGGGRAAYCTTGGAGGAGGAG 60.6 Chaetoceros mulleri
CMNATRT1R Reverse ACGATGGAYACGGTRCGCCA 61.5 C. mulleri
EHNATRT2F Forward GTCGAGCTCACGATGAACAA 55.0 Emiliania huxleyi
EHNATRT2R Reverse GTTGCAGAAGTCGGAAAGGT 55.4 E. huxleyi

Tm, melting temperature (�C).
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species, 5¢ RACE cDNA was synthesized with Nrt2
gene–specific primers for S. costatum and T. weissf-
logii. The expected size of PCR products (760 bp)
was obtained only from S. costatum, which contained
the translation start site. However, it was not poss-
ible to obtain the complete Nrt2 gene sequences for
T. weissflogii with 5¢-end RACE–PCR. The full length
of the Nrt2 gene in S. costatum is 1.7 kb with a 3¢ un-
translated region (UTR) of 243 bp. The translated
region is 1464 bp with 52% G + C content. The
near-complete Nrt2 gene in T. weissflogii is 1525 bp
with a 3¢ UTR of 180 bp. The translated region is
1345 bp with 51% G + C content. The Nrt2 genes in
T. weissflogii should have at least 114 additional nu-
cleotides upstream as compared with the N termi-
nus in S. costatum and C. fusiformis.

Sequence comparison of diatom Nrt2 genes. The
deduced amino acid sequence of the complete Nrt2
gene detected in S. costatum was analyzed with a
hydropathy plot and compared with the previously
reported Nrt2 genes in C. fusiformis. The protein is
clearly hydrophobic with hydrophilic regions of 32
amino acids (residues 227–258) in S. costatum and
(residues 235–266) in C. fusiformis (Fig. 2). Hydro-
pathy plots of both Nrt2 genes in S. costatum and
C. fusiformis showed 12 membrane-spanning helices,
which belong to the major facilitator superfamily
(MFS; data not shown). Two conserved motifs
(D ⁄ N-R-X-G-R-R ⁄ K and I-X2-R-X3-G-X3-G) near the
third and fourth transmembrane segments in the
MFS were detected in both diatom Nrt2 genes.
Skeletonema costatum has 103DKYGAR108 and
134SVLRFFIGLGGS146 amino acid residues for the
conserved motifs. Cylindrotheca fusiformis has
106DKIGPR111 and 138AVLRLFIGTAGG149 at the

motifs (Fig. 2). The near-complete Nrt2 gene in
T. weissflogii was translated into amino acid
sequence and analyzed for the secondary structure.
It also contained 12 membrane-spanning helices
with a hydrophilic region of 32 amino acid residues.
The conserved motifs for MFS are DKYGAR and
CVLRFFIGLGGS residues (Fig. 2). Thus, the genes
obtained from S. costatum and T. weissflogii were con-
firmed as members of the MFS.

PCR amplification of Nrt2 genes in marine phyto-
plankton. The differences in amino acid sequences
between diatoms and other eukaryotes made it poss-
ible to design diatom-specific Nrt2 gene primers
(Fig. 2). Genomic DNAs were initially used as tem-
plates for PCR amplification of Nrt2 genes in marine
phytoplankton (Table 2). The PCR with DANAT1F
and DANAT1R primers generated 1053 bp products
from all the diatoms tested, but they also produced
other bands of different sizes with smearing. Nested
PCR was performed with DANAT2F and DANAT2R
primers to eliminate multiple PCR products and to
increase PCR specificity. The nested reaction pro-
duced a single band of 695 bp from all the diatoms
except A. glacialis. However, PCR products were not
obtained from D. tertiolecta and E. huxleyi with
DANAT primers.

The Nrt2 genes in the marine green alga D. tertio-
lecta and the coccolithophorid E. huxleyi were detec-
ted using the primers designed for other algae.
Initial PCR with AGNAT1F and AGNAT1R primers
yielded an 892 bp product with genomic DNA from
D. tertiolecta but did not produce a band from
E. huxleyi. Nested PCR amplification with AGNAT2F
and AGNAT2R primers generated a 643 bp product
from D. tertiolecta and a 947 bp product from E. hux-
leyi. The PCR product from E. huxleyi contained
introns on the basis of sequence analysis performed
by the Genescan program (http://genes.mit.edu/
GENSCAN.html). The PCR was performed subse-
quently using cDNA templates from both cultures
and produced a 643 bp fragment from D. tertiolecta
and a 675 bp from E. huxleyi. By comparing Nrt2
genes detected from genomic DNA and cDNA of
E. huxleyi, four introns with 93, 43, 57, and 79 bp
sizes were found.

Phylogenetic analysis of Nrt2 genes in marine phyto-
plankton. Phylogenetic analysis detected three clus-
ters of Nrt2 genes among the phytoplankton species
(Fig. 3). The Nrt2 genes from diatoms were closely
related to the previously reported Nrt2 genes in
C. fusiformis, as well as the Nrt2 genes occurring in
the genomes of P. tricornutum and T. pseudonana.
The genes from C. muelleri, S. costatum, and T. weiss-
flogii clustered with the genes in T. pseudononana.
The Nrt2 genes in D. brightwellii were associated with
those in C. fusiformis and P. tricornutum (Fig. 3). The
Nrt2:1 gene in the marine green alga D. tertiolecta
clustered with the gene in D. salina. However, the
Nrt2 genes in E. huxleyi were distinct from those in
diatoms, green algae, and higher plants.

Fig. 1. Rapid amplification of cDNA ends (RACE)–PCR ampli-
fication of Nrt2 genes from cDNA of Skeletonema costatum (Sc) and
Thalassiosira weissflogii (Tw). The arrow indicates the amplified
products from RACE–PCR; M, molecular size ladder.
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The presence of multiple copies of Nrt2 genes
was previously reported in higher plants, green
algae, and a diatom (Hildebrand and Dahlin 2000,
Galván and Fernández 2001). Sequence analysis of
two diatom genomes also detected at least three dif-
ferent Nrt2 genes in T. pseudononana and four

copies in P. tricornutum. On the basis of the diver-
gent Nrt2 gene sequences, it was concluded that
multiple copies were present in the phytoplankton
examined in this study, with the exception of
D. tertiolecta. Three Nrt2 clones of S. costatum shared
98.5% amino acid sequence identity and were

Fig. 2. Amino acid sequence alignment of higher plant, diatom, and algal high-affinity nitrate transporter (NRT2) amino acid
sequences. Black background indicates the sites for primer designs. The sequences with bold and italic fonts indicate hydrophilic domains.
The sequences with bold fonts indicate signature amino acid residues for major facilitator superfamily. OsNRT, Oryza sativa NRT2; BCH1,
Hordeum vulgare NRT2; GmNRT2, Glycine max NRT2; NpNRT, Nicotiana plumbaginifolia NRT2; ACH1, Arabidopsis thaliana NRT2; CrNAR3,
Chlamydomonas reinhardtii NRT2; ScNRT2:1, Skeletonema costatum NRT2; TwNRT2:1, Thalassiosira weissflogii NRT2; CfNATcDNA, Cylindrotheca
fusiformis NRT2.
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closely related to the sequences of C. fusiformis
(75.9% sequence identity). At least six different cop-
ies of Nrt2 genes were detected in T. weissflogii. They
shared more than 94% amino acid sequence iden-
tity and were closely related to two copies of Nrt2
genes found in the T. pseudonana genome (83.3%
sequence identity). Ditylum brightwellii had at least
five copies of Nrt2 genes, which share 74% sequence
identity with the Nrt2 genes in C. fusiformis and 75%
with Nrt2:1 and Nrt2:2 in P. tricornutum. Four
different sequences of Nrt2 genes were found in

C. muelleri. Two of them (Nrt2:1 and Nrt2:2) were
closely related to the Nrt2 genes in T. weissflogii and
T. pseudonana, with more than 76% amino acid
sequence identity. Two other sequences (Nrt2:3 and
Nrt2:4) in C. muelleri were distantly related to all dia-
tom Nrt2, with 61%–68% sequence identity.

The Nrt2 genes detected from cDNA and genom-
ic DNA of D. tertiolecta were almost identical. It
was concluded that only one copy of the Nrt2 gene
was detected in D. tertiolecta. The Nrt2 gene in
D. tertiolecta shared about 37, 41, and 62% sequence

Fig. 2. Continued.
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identity with the Nrt2 genes present in C. reinhardtii,
C. sorokiniana, and D. salina, respectively. Two
Nrt2 genes were observed in E. huxleyi, with 80.7%
sequence identity. The Nrt2 gene in cDNA of
E. huxleyi was identical to the Nrt2:1 gene from the
genomic DNA after removing intron sequences. The
Nrt2 genes in E. huxleyi were more closely related to
diatom Nrt2 genes than to green algal Nrt2 genes
(40% amino acid sequence identity).

Transcriptional responses of Nrt2 genes in marine
phytoplankton species. Transcriptional responses of
Nrt2 genes in selected phytoplankton species
(C. muelleri, T. weissflogii, D. tertiolecta, and E. huxleyi)
were determined using SYBR green Q–PCR kit with
cDNA. The cells incubated with NH4

+ and a mixture
of NH4

+ and NO3
) showed significant inhibition of

Nrt2 gene transcriptional induction by NH4
+ in all

the tested phytoplankton species (Fig. 4). However,
Nrt2 gene transcripts were detected at a basal level,
even in the presence of NH4

+. Two diatoms had
5- to 10-fold higher levels of Nrt2 transcripts than

did E. huxleyi and D. tertiolecta in the presence of
NH4

+. In addition, both diatoms showed 2-fold
higher levels of Nrt2 transcripts with a mixture of
NH4

+ and NO3
) than with NH4

+ alone.
High abundance of Nrt2 gene transcripts in phy-

toplankton species was observed when the cells were
incubated with NO3

) as well as under N-depleted
conditions (Fig. 4). The Nrt2 gene transcript induc-
tion in C. muelleri, T. weissflogii, and E. huxleyi was
higher under N-depleted conditions than in the
presence of NO3

). However, the Nrt2 gene tran-
scripts in D. tertiolecta were induced only when NO3

)

was supplied (Fig. 4), and no induction was
observed under N depletion. The level of Nrt2 gene
transcript in the presence of nitrate varied among
phytoplankton species. The Nrt2 gene transcripts in
C. muelleri and D. tertiolecta were more than 2-fold
higher than that in T. weissflogii and E. huxleyi.

The short-term response of transcriptional abun-
dance of Nrt2 genes in C. muelleri was examined
under N-sufficient and N-starved conditions. When

Fig. 3. Phylogenetic tree of high-affinity nitrate transporter (NRT2) amino acid sequences in phytoplankton and plant species. Transla-
ted amino acid sequences from the Nrt2 genes were used for phylogenetic analysis. The NRT sequences detected from this study are
shown in boldface.
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NO3
) was added to N-sufficient cultures, the Nrt2

gene was induced with no lag, reached a maximum
expression level at 30 min, and then declined within
2 h to the basal level observed in the cells with
either NH4

+ addition or no addition of N (Fig. 5).
There were no significant changes in Nrt2 gene
transcript levels in cells with either NH4

+ addition
or no N addition over the 2 h incubation. However,
the cells under N starvation exhibited different tran-
scriptional responses from N-sufficient cells when N
was provided as either NH4

+ or NO3
). The Nrt2

gene transcripts were highly induced before addi-
tion of NO3

) as observed in previous experiments
with the cells experiencing N starvation (Fig. 4).
Once NO3

) is provided, the Nrt2 gene transcripts
were rapidly increased and reached a maximum
level at 1 h. The decline of the Nrt2 gene transcript
was observed after 1 h and took 3 h to reach the

transcript levels as observed in N-starved cells
(Fig. 6). When NH4

+ was provided, the Nrt2 gene
transcript was immediately repressed. Much higher
levels of Nrt2 gene transcript induction were
observed in the cells under N-starved than N-suffi-
cient conditions. However, whether N-sufficient or
N-starved, C. muelleri induced Nrt2 gene transcripts
during the short-term incubation with NO3

) addi-
tion.

DISCUSSION

High-affinity nitrate transporter genes (Nrt2) were
detected in marine phytoplankton using direct PCR
amplification with newly developed primers. More
than one copy of Nrt2 genes was detected in most
of the phytoplankton examined, which is consistent
with reports from freshwater green algae and higher
plants (Galván and Fernández 2001). Hildebrand
and Dahlin (2000) also reported the detection of at
least four copies of Nrt2 genes in a pennate diatom,
C. fusiformis. A Southern blot assay is required to
determine definitively the number of Nrt2 genes in
each phytoplankton species. The number of copies
of Nrt2 genes estimated here on the basis of
sequence comparison should be considered a lower
limit. Differential regulation of the multiple copies
of Nrt2 genes in C. reinhardtii was reported for dif-
ferent N sources and concentrations (Galván and
Fernández 2001). Further experiments are necessary
to investigate the potential for differential regula-
tion of multiple copies of Nrt2 genes in marine phy-
toplankton.

The phylogeny of Nrt2 genes is mostly congruent
with the taxonomic association of each species.
Diatom Nrt2 genes were grouped together and
multiple copies of Nrt2 genes were clustered within

Fig. 5. Transcriptional abundance of high-affinity nitrate
transporter (Nrt2) gene in Chaetoceros muelleri after transferring
cells from NH4

+ medium to three different conditions of nitro-
gen (N) (plus NH4

+, plus NO3
), and no N).

Fig. 4. Transcriptional abundance of high-affinity nitrate
transporter (Nrt2) genes in phytoplankton species after overnight
incubation under different nitrogen conditions. CM, Chaetoceros
muelleri; TW, Thalassiosira weissflogii; DT, Dunaliella tertiolecta; EH,
Emiliania huxleyi.

Fig. 6. Transcriptional abundance of high-affinity nitrate
transporter (Nrt2) gene in Chaetoceros muelleri under different
nitrogen (N) conditions after 24 h N starvation. The cells were
initially grown in NH4

+ media and then transferred and incuba-
ted in N-free media for 24 h. Three different conditions of N
(plus NH4

+, plus NO3
), and no N) were tested after 24 h N star-

vation.
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the species except for five sequences found in
C. muelleri, P. tricornutum, and T. pseudonana. The
Nrt2 gene occurring in D. tertiolecta clustered with
the one from D. salina. This cluster might be speci-
fic for Nrt2 genes in the Dunaliela genus, which are
distantly related to the Nrt2 genes present in other
green algae. The genes detected from E. huxleyi
were segregated from other groups, which could
provide genetic evidence of the evolutionary dis-
tance among diatoms, green algae, higher plants,
and coccolithophorids.

The Nrt2 gene transcripts in the examined phyto-
plankton were severely repressed in the presence
of NH4

+, as previously reported in C. reinhardtii,
C. sorokiniana, D. salina, and C. fusiformis (Navarro
et al. 1996, Hildebrand and Dahlin 2000, Kolter-
mann et al. 2003, He et al. 2004). However, basal
levels of Nrt2 gene transcript induction in the two
centric diatoms were measured in the presence of
100 lM NH4

+, as observed in the pennate diatom
C. fusiformis (Hildebrand and Dahlin 2000). This
finding suggests that diatoms are capable of expres-
sing nitrate transporters, even in the presence of
NH4

+, which is consistent with the previous reports
of nitrate uptake (Yin et al. 1998, Lomas and Gli-
bert 1999). Nitrate uptake in diatoms was signifi-
cantly repressed in the presence of NH4

+, but not
completely inhibited even at an NH4

+ concentration
of 200 lM (Lomas and Glibert 1999). Depending
on the light conditions, NH4

+ inhibition on nitrate
uptake varied from 0% to 70% (Yin et al. 1998).
Higher abundance of Nrt2 gene transcripts in dia-
toms as compared with other phytoplankton was
measured when a mixture of NH4

+ and NO3
) was

provided as the N source. This may provide an eco-
logical insight into the observation of diatom dom-
inance in the ocean when a mixture of N sources is
available.

The Nrt2 gene transcripts were highly induced
when the cells were incubated with NO3

) or under
N starvation. Higher induction of Nrt2 genes in
N-starved cells than in cells growing on NO3

) might
be associated with the synthesis of intracellular
inhibitors, such as NH4

+ and glutamine, by nitrate
assimilation (Galván and Fernández 2001). Thus,
the Nrt2 gene transcripts remained higher under N
depletion due to lack of intracellular inhibitors. Fur-
thermore, the high induction of the Nrt2 gene tran-
script in the cells under N-starved conditions can be
considered an adaptive strategy, which enables them
to compete for limited nutrients by facilitating the
synthesis of NRT2 when nitrate is provided. High
induction of nitrate reductase genes (NR) in a trans-
genic C. fusiformis was observed under starvation,
which facilitated the synthesis of nitrate reductase
enzyme when NO3

) was provided (Poulsen and Krö-
ger 2005). However, Nrt2 transcript in D. tertiolecta
was only induced in the presence of NO3

), which is
consistent with the Nrt2 gene induction in D. salina
(He et al. 2004) as well as NR gene induction in

D. tertiolecta (Song and Ward 2004). Thus, NO3
) is

an inducer for Nrt2 and NR gene expression in
D. tertiolecta, which suggests a slower N-uptake
response in marine green algae compared with dia-
toms. Higher abundance of the Nrt2 gene transcript
in C. muelleri and D. tertiolecta could be related to
the size of internal N pools as both species do not
store either N or T. weissflogii (Dortch et al. 1984,
Lomas and Glibert 2000). This might be a notable
genetic difference between phytoplankton special-
ists, namely, affinity specialists and storage special-
ists. Further studies are required to link the
differences in the Nrt2 gene transcript abundance
to the level of nitrate-uptake activity in different
kinds of phytoplankton specialists when nitrate is
provided.

Short-term incubation experiments showed that
NO3

) is an inducer for Nrt2 gene transcripts in a di-
atom whether the cells were N sufficient or starved
(Figs. 5 and 6). The rapid induction of Nrt2 genes
showed the presence of instantaneous regulatory
mechanisms in response to external NO3

) among
multiple copies of Nrt2 genes. This transcriptional
response of Nrt2 genes in diatoms may be useful as a
genetic tool to detect the introduction of NO3

) into
N-limited diatom communities (e.g., because of
upwelling or runoff). Further analysis is required to
understand the transcriptional response of different
diatom species to NO3

) input and community
dynamics. Therefore, this study provides the first
step to examine phytoplankton community response
for different N sources using molecular techniques.
To obtain a better understanding of N uptake in
marine phytoplankton, further genetic studies exam-
ining differential induction of multiple copies of
Nrt2 genes under varying conditions of N sources
and concentration, as well as coupling ⁄ decoupling
of NR gene induction, are required. Furthermore,
Nrt2 gene induction in natural phytoplankton com-
munities should be examined in connection with
N-uptake measurements to determine major phyto-
plankton components involved in primary produc-
tion under different N-availability conditions.
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