Available online at www.sciencedirect.com

sc.euce@p.“m

BBRC

www.elsevier.com/locate/ybbrc

55

ELSEVIER Biochemical and Biophysical Research Communications 340 (2006) 95-104

Isolation and characterization of a sodium-dependent
phosphate transporter gene in Dunaliella viridis

Qiyun Li *®!, Xiaoshu Gao ?, Yu Sun *°, Qingqi Zhang ?, Rentao Song €, Zhengkai Xu **

& Institute of Plant Physiology and Ecology, Shanghai Institute for Biological Sciences, The Chinese Academy of Sciences, Shanghai 200032, PR China
® Graduate School of the Chinese Academy of Sciences, Beijing 100039, PR China
¢ School of Life Sciences, Shanghai University, Shanghai 200444, PR China

Received 18 November 2005
Available online 7 December 2005

Abstract

A sodium-dependent phosphate transporter gene, DvSPTI, was isolated from a cDNA library using a probe derived from a subtract-
ed cDNA library of Dunaliella viridis. Sequencing analyses revealed a cDNA sequence of 2649 bp long and encoded an open-reading
frame consisting of 672 amino acids. The deduced amino acid sequence of DvSPTI exhibited 31.2% identity to that of TcPHO from
Tetraselmis chui. Hydrophobicity and secondary structure prediction revealed 11 conserved transmembrane domains similar to those
found in PHOS89 from Saccharomyces cerevisiae and PHO4 from Neurospora crassa. Northern blot analysis indicated that the DvSPTI
expression was induced upon NaCl hyperosmotic stress or phosphate depletion. Functional characterization in yeast Nat export pump
mutant G19 suggested that DuSPTI encoded a Na™ transporter protein. The gene sequence of GDvSPTI (7922 bp) was isolated from a

genomic library of D. viridis. Southern blot analysis indicated that there exist at least two homologous genes in D. viridis.

© 2005 Elsevier Inc. All rights reserved.
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Phosphorus, an essential macronutrient for all living
organisms, serves various basic biological functions such
as a structural element in nucleic acids and phospholipids,
a facilitator in energy metabolism and the activation of
metabolic intermediates, and a component in signal trans-
duction cascades and the regulation of enzymes [1].

A primary and critical step in the utilization of phospho-
rus is its uptake into the living cells across the plasma mem-
branes. It has been proposed that, in general, there existed
two different types of phosphate transporters. Low-affinity
phosphate transporters with a K;,, of approximately 1 mM
are continuously expressed proteins. On the other hand,
high-affinity transporters usually have a much lower K,
(range 1-15 uM), and their expression is regulated and
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induced when the cells are under phosphate-limiting condi-
tions. In Saccharomyces cerevisiae, two derepressive high-
affinity phosphate transporters, PHO84 and PHO89, have
been identified [2,3]. PHOS84 is a H'-coupled phosphate
transporter which also functions as a receptor for ambient
phosphate signals. PHOS9 is believed to be a sodium-cou-
pled phosphate transporter as its activity is highly correlat-
ed with the external Na™ concentration. The activity of
PHOS9 is also controlled by the phosphate concentration.
Two related enzymes also exist in Neurospora crassa,
PHOS5 and PHOA4, respectively [4], PHOS5 is a H"-coupled
phosphate transporter and PHO4 is a sodium-coupled
phosphate transporter.

Little is known about proteins involved in phosphate
uptake in phytoplankton. Homologs of Psts, the phos-
phate-specific transport system, in Escherichia coli, were
identified in two marine cyanobacterial genera, Synecho-
coccus, and Prochlorococcus [5,6]. Polyclonal antiserum
raised against PstS has been used to detect the degree
of phosphorus depletion in natural picoplankton in a
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mesocosm experiment [6]. In eukaryotic phytoplankton,
two membrane-associated proteins with molecular masses
of >200 and 50 kDa were identified in Dunaliella tertiolecta
and Phaeodacrylum tricornutum under phosphorus defi-
ciency conditions. The levels of the former compound
(>200 kDa) were correlated with various degrees of phos-
phorus limitation. However, the primary functions of this
protein seem to be hydrolysis and mobilization of stored
polyphosphates, which means that the protein is not direct-
ly involved in phosphate uptake [7,8].

In this study, a full-length cDNA and the corresponding
gene DvSPTI wereisolated from a cDNA library and a geno-
mic library of Dunaliella viridis, respectively, using a probe
C-2.0-CP1A60 from a hyper-osmotic subtracted cDNA
library of the salt tolerant alga D. viridis. Sequence analysis
indicated that it encoded a sodium-dependent phosphate
transporter named as DvSPTI. The transcript of DvSPTI
was investigated by RNA gel blot analysis, and a strong cor-
relation between mRNA abundance and hyperosmotic
stress or phosphate starvation was confirmed. Expression
of DuvSPT1I in yeast was also primarily reported in this paper.
To our knowledge, this is the first time that the sequence and
the expression of a sodium-dependent phosphate transport-
er in D. viridis have been reported.

Materials and methods

Cell culture of D. viridis SHU. A SHU strain of D. viridis was main-
tained on a semi-solid growth medium in this laboratory according to [9].
A single colony of D. viridis SHU was inoculated to 100 ml of a liquid
culture medium containing 0.5 M NaCl [10] and cultured for two weeks to
reach the logarithmic growth stage (~2 x 10° cells/mL).

Construction of two suppression subtractive libraries. The Dunaliella cell
culture was divided into two equal parts and pelleted by centrifugation
(1000g for 5 min at room temperature), one part was cultured in 50 ml of
fresh normal liquid culture medium containing 0.5 M NaCl and cultured
for 24 h (named as culture C-0.5); one part was cultured in 50 ml of fresh
medium containing 1.0 M NacCl for 2 h and then transferred to 50 ml of a
fresh medium containing 2.0 M NaCl for 24 h (named as culture C-2.0).
About 10® cells were harvested by centrifugation from each of the above
cultures and processed for total RNA isolation with Trizol (Gibcol-BRL)
according to the manufacturer’s instructions. Poly(A) mRNA was puri-
fied by using Oligotex mRNA Kit (Qiagen). The RNA concentrations
were determined by spectrophotometry (U2000; Hitachi) at 260 and
280 nm. Two sets of double-stranded cDNA fragments were generated
from the above Poly(A)"mRNA samples of C-0.5 and C-2.0, while the
cDNA fragments were mutually subtracted by using a PCR-selected
cDNA subtraction kit (Clontech) according to the manufacturer’s
instructions [11]. The two sets of subtracted PCR products were cloned
into pMDI18-T Vector (TaKaRa) to generate two separate subtractive
cDNA libraries of C-0.5 and C-2.0.

Screening of the subtracted ¢cDNA library of C-2.0. DNA samples of
individual colonies from the C-2.0 library were amplified by PCR using
specific primers, about 10 ng of each PCR product was identically
blotted onto two membranes, and the blots were subjected to hybrid-
ization using the [0->*P]dCTP labeled probes of C-0.5 or C-2.0 which
were generated by PCR using the above subtractive hybridization
products as templates. The cDNA clones that were hybridized only to
the C-2.0 probes but not to the C-0.5 probes were selected for DNA
sequencing. The sequences of the cDNA fragments and the deduced
coding sequences were analyzed by BLASTX and BLASTP algorithms
(http://www.ncbi.nlm.nih.gov).

Screening of cDNA and genomic DNA libraries. The cDNA fragments
specifically expressed in the C-2.0 library were used to screen both of the
cDNA library (constructed in this laboratory, unpublished) and the
genomic library of D. viridis SHU [12,13]. A specific full-length cDNA and
a specific genomic fragment named DvSPTI and GDvSPTI were isolated
and were further subjected to DNA sequencing analysis followed by
possible gene structure, open-reading frame, and sequence alignment
assays using the program Vector NTI Suite 8.0. The possible transmem-
brane regions in the deduced protein were predicted using the program
TMpred (http://www.ch.embnet.org/software/TMPRED-form.html) .

Northern blot analysis. Total RNA was extracted from D. viridis cells
under osmotic shock or phosphate starvation conditions. For osmotic
shock, the cells were transferred from the medium containing 1.0 M NaCl
to the medium containing 2.0 M NaCl, aliquots of the cells were harvested
at0.5,1,2,3,6,9, 12, and 24 h after the hyperosmotic shock and extracted
for total RNA. For phosphate starvation treatment, the cells cultured in
medium containing 0.2 mM KH,PO, and 1.0 M NaCl were transferred to
a medium containing 1.0 M NaCl but no KH,PO, after three thorough
washes with the KH,PO,-free medium; aliquots of the cells were harvested
0, 1, 3, 6, 18, and 36 h after the treatment and were extracted for total
RNA. About 15 pg of the total RNA extracted from these samples was
subjected to RNA gel blot analysis, the [0a->*PJdCTP labeled probe was
generated from the DvSPTI cDNA by PCR using two specific primers
DuvSPTIRTS (5'-ccctgttccactcactge-3'), DuvSPTIRTA (5'-gaacagggg
tggtgcttaca-3’). The rRNA in each sample was used as an internal quan-
titative reference.

Transformation of a salt sensitive yeast mutant G19. The yeast strain
G19 (MATaleu2-3, 20112, trpl-1, ura3-3, ade2-1, his3-11 canl-100, 15(¢)
enal A:: HIS3::ena4), which is disrupted in the genes encoding Na™ export
pumps and as a result displays salt sensitivity [14], was kindly provided by
Professor Alonso Rodriguez-Navarro. Coding regions of DvSPTI were
amplified by using primers (YDuvSPTIFP1: 5'-attgaattcaccatggcggacgtg
gacagcttcage-3', YDvSPTIRPI: 5'-tcectegagttaaggeatggtetgetcaga-3') and
then subcloned into the EcoRI-Xhol site of the yeast shuttle vector
pYES2, which formed a vector named as pYSPT1. Yeast cells transformed
with pYES2 or pYSPT1 were cultured at 30 °C in minimal medium (0.7%
Bacto-yeast nitrogen base without amino acids, pH 6.0, supplemented
with 0.002% adenine, 0.002% histidine, 0.003% leucine, 0.003% trypto-
phan, and 0.002% uracil) plus 2% galactose as carbon source. Yeast
transformation was done by the LiAc/ss-DNA/PEG method [15], and
transformants were selected in medium without uracil. At least three
independent transformants named G19:pYES2 and G19:pYSPT1 were
chosen for further growth investigation. Growth (Agg) of the cultures was
monitored in liquid media supplemented with various concentrations of
NaCl (1.71, 50, and 100 mM NaCl) and the mid-log phase (Agyy = 0.6)
time differences between G19:pYES2 and G19:pYSPT1 were determined.

Southern blot analysis. Dunaliella viridis cells were grown to stationary
phase (about 10® cells/ml). Genomic DNA from D. viridis was isolated and
was digested overnight with BamHI, EcoR1, HindIIl, and BamHI/EcoRI
separately. The digested DNA was separated by 0.8% agarose gel elec-
trophoresis overnight and was then subjected to Southern blot analysis
using the same specific probe as in Northern blot analysis but labeled with
digoxigenin (DIG) according to manufacturer’s instructions (Roche
Molecular Biochemicals).

Results
Subtracted cDNA library construction and screening

By the powerful subtractive suppression hybridization
(SSH) technique, two SSH cDNA libraries of C-0.5 and
C-2.0 representing the cDNA fragments of D. viridis
SHU cells specifically expressed in the conditions of
0.5M and 2.0 N NaCl. A total of 384 cDNA clones were
selected from the C-2.0 library for further identification
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of their specificity by dot-blot hybridization, only those
specific to the probes generated from the C-2.0, but not
the C-0.5 library, were considered the clones that were
expressed in the cells under the condition of 2.0 M NaCl.
Ten highly specific clones (CP1A60: DQ285475; CP1F1:
DQ285476; CP2F6: DQ285477; CP2F7: DQ285478;
CP3B2: DQ285479; CP3D1: DQ286755; CPIE®6:
DQ286756; CP2B2: DQ286757, CP2A10: DQ286758; and
CP2A6: DQ286759) were selected and screened primarily
by DNA sequencing for their possible characteristics and
most of them were gene fragments exhibiting low levels
of similarity to genes in the GenBank database except for
CP1E6, which encodes a partial chlorophyll a-b binding
protein of LHCII type I (data not shown).

¢DNA library screening of CP1A460
Then we applied CP1A60 cDNA fragments to screen the

cDNA library of D. viridis for getting full-length cDNA and
further analysis. After two rounds of cDNA library screen-

ing (constructed in this laboratory, unpublished), six positive
clones were obtained (pBKCMV-A60I~VI). The inserts of
these cDNA clones were further checked by PCR and restric-
tion enzyme mapping (data not shown). Clone pPBKCMV-
A601 was selected for sequencing analysis. According to
sequencing analysis, the cDNA fragment CP1A60 was locat-
ed between 2064 and 2304 bpin 3’-UTR regions (Fig. 1). The
complete length of the cDNA was 2649 bp long, containing
an open-reading frame of 672 amino acids (Fig. 1) with a pre-
dicted molecular weight of 73.3 kDa. The predicted protein
sequence had 40.42% hydrophobic amino acids, with a cal-
culated isoelectric point value of 5.29. A typical green algal
polyadenylation signal TGTAA was found 24 bp upstream
of the ploy(A) site (Fig. 1).

Computational sequence analysis of cDNA DvSPT]
BLASTP analysis revealed that the deduced amino acid

sequence of pBKCMV-A60I had 31.2% identity with a
phosphate transporter TcPHO from Tetraselmis chui [16].

M T DV 4
1 CTTGTACATCGGTGCACGCACCGAGCCCCTCCCCACCGCCACTTCGTCTGCGAAAGCAGGAGGGGTAGGCACGCAGCCATGACGGACGTG
DSFSGNMPNLSGFESAAGWQGENTFTYUHDGEK 34
91 GACAGCTTCAGCGGCAACATGCCCAACCTCTCGGGCTTTGAGTCCGCAGCGGGCTGGCAAGGCGAGAACTTCACCTACCACGATGGCAAG
WS AYVWLLVYIGSFTSFMAAWGI GANTDVANS 64
181 TGGTCTGCCTACGTGTGGCTGCTGGTCATCGGCTCGTTCACCTCATTGATGGCTGCATGGGGCAT CGGTGCCAACGATGI GGCCAATTCC
FATSVGSKALTMFQACV I AGIFEFVGAVSL 9%
27 TTCGCCACAAGTGTGGGCTCCAAGGCTTTGACCATGTTCCAAGCCTGCGTGATTGCGGGCATCTTTGAATTTGTCGGCGCTGTGTCCCTG
GGTVVKTVKGS I TDPSMFKHQPQI FAYGML 124
361 GGTGGTACTGTTGTGAAGACCGTGAAGGGCTCCATCACTGACCCCTCAATGTTCAAGCACCAGCCCCAGATTTTTGCGTACGGCATGCTT
GASTSVAIVLFLATYLKQAVSTTHTAILIGSV 154
451 GGTGCCTCTACTTCTGTAGCCATTGTGCTCTTCCTGGCCACATACTTGAAGCAGGCTGTGTCCACCACACACACTGCAATTGGGTCTGTG
LGFGLVYGGADGVTWNEVSDETFPFRIKGEFTP 184
541 CTTGGCTTCGGCTTGGTGTATGGAGGCGCTGATGGTGTGACCTGGAACGAGGTGTCCGATGAGTTCCCCTTCCGCAAGGGGTTCACACCT
VVISWFVSPVFTAILSSGFFI I TRIVGCLQR 24
631 GTCGTCATCTCCTGGTTCGTCTCCCCCGTCTTCACTGCCATTCTGTCCTCCGGATTCTTCATCATCACCAGGATTGTCTGCCTGCAGCGC
Q0 SYKI AFFMIPVLMWMWITIFIVLLAIFLEKS
121 CAGCAATCCTACAAGATTGCCTTCTTCATGATCCCTGTGCTGATGATGATCACCATCTTCATTGTCCTGCTGGCCATCTTCCTGAAGAGT
VDSGHDREGELNWSTDKIKAWVAI|IVVGAGASG@G
811 GTGGACTCTGGACACGACCGTGAGGGTGAGCTGAACTGGTCCACAGACAAGAAGGCCTGGGTGGCAATTGTTGTCGGTGCTGGTGCCGGT
LL T 1 PYTI!IWLRKSMLQEDA QEVHEENMARDA
901 CTGCTGACCATCCCCTACAGCATCTGGCTGAGGAAGTCCATGCTCCAGGAGGACCAGGAAGTGCACGAGGAGAATATGGCTCGTGATGCT
ETAHVAAGGTLAEKETZKNPEDDVHELTIEKAETKTFWM
991 GAGACCGCCCACGTCGCAGCTGGTGGCACACTGAAGGAGAAGAACCCTGAGGATGATGTGCATGAGCTGACCAAGGCTGAGAAGTTTATG
EWFNGTWFGQOQRQFVKNFVAAMTYDVHAHVA
1081 GAGTGGTTCAACGGCACCTGGTTCGGCCAGAGACAGTTTGTGAAGAACTTTGTTGCAGCTATGACATACGATGTGCACGCCCATGTGGCC
TMDNPKVAQMHADAEVFDPRTEDVFKRMOQI 394
mn ACCATGGACAACCCCAAGGTTGCCCAGATGCATGCAGATGCTGAGGTCTTCGACCCCCGCACTGAGGATGTGTTTAAGCGCATGCAGATC
I TASAVAFVHGANDVANGV GPLAGI WDTY N 424
1261 ATCACTGCCTCTGCTGTGGCCTTCGTGCACGGTGCCKKTGKTGTCGCCKKCGGTGTGGGCCCTCTTGCCGGTATCTGGGACACCTACAAC
QS GS GK S QP L G G F G L
1351 ACCTACCAGTCTGGCAGTGGCAAGGCGTCTCAGCCCCGCTGGATTCTGGTCATCGGTGCTGCTGGCATTGTGTTCGGCCTGGCCATGTAC
G Y R ATLGVDLVVMWTPNRGYS SVELAAAA 484
1441 GGCTACCGTATCATTGCGACCCTGGGTGTGGACTTGGTGGTCATGACCCCCAACCGTGGTTACTCTGTGGAGCTGGCAGCAGCTGCTATC
I ALASTYGLPVSTTQVVTITGGKI| GV GMGCESW
1531 ATTGCCCTGGCCTCCACGTACGGTCTGCCCGTCTCCACTACGCAAGT TGTGACTGGCGGTAAGATAGGGGTGGGCATGTGCGAGAGCTGG
KMWTGVNWLLFIRTFWGWYVGALVTGATILSAL
1621 AAGATGACAGGCGTGAACTGGCTCCTGTTTATCCGCACCTTCTGGGGCTGGGTTGGTGCTCTGGTGACTGGCGCCATCCTCTCAGCTCTG
LFS 1 GVYGPSRTDLDYVTHYQRAMKIDIDAQ
1711 CTCTTCTCCATCGGTGTGTACGGCCCCAGCCGCACTGACCTGGACTACGTGACCCACTACCAGAGGGCGATGAAGATCGACATCGACCAG
SMQALLDRGCAAAPAPTNGGGGT CGTG GDLNTCS
1801 TCCATGCAAGCTCTCCTTGACCGATGTGCTGCTGCTCCTGCACCTACCAATGGTGGTGGAGGCTGTGGCACCGGAGACTTGAACTGCTCT
CQQRI PYTMGDLQGLEKTQVDGLFNFETENSG GHAQ
1891 TGCCAGCAGAGGATCCCCTACACCATGGGTGACCTGCAAGGCCTGAAGACGCAGGTTGATGGGCTGTTCAACTTCGAGGAAAATGGCCAG
I NEYNMMYMLRQI NSLFKYTFFDGDTFSQ 664
1981 A’ECAACGQGTéCAGCAPA]&GTéCATGCTGAGGCAGATCAACAGCCTGTTCAAGTACACCTTCTTCGATGGCGACTTCTCTC AGTACGAG 67
*
2071 ACGTGTCTGAGCAGACCATGCCTTAATTCTGAAGTCTTGACAATCTTTTCCCTGTTCCACTCACTGCACTCTTGCTCTTCAGTTACCAA
2161 TTCATCCTTTTTGAAGICTTGCTITIGTTCTGAGATTGAACACTAAGCATGACCCGTTCTGTTGTGTTCACATAGCCATATCATTTAGIC
2251 AGGTGTTGTGGCTGGTTCATATCCTGACCAAATTTAGATCTATTGCTGGTATTGT GTACTGGTGGAAGCT TGGGTTCCCAGCATGGTCGT
2341 GTCCCTCAAGTACGCAGGCTGTATTGCATTACCTCTTGT TGACCGAAGACAGTATCTCTTCTACCAATGCTTGTTGCCTGAACCTCAAGC
2431 GTGACTGTTTCGTTGCTTCACTCTTGTGTGTTGGCTCATATTTCATTTTCACCTTCTTCAGCCCACTGAACTGATTGAATAATGCAACTG
2521 CAAGAATAAACAGACGTCTATGTATCTGCACTGTTTGTGCAATTGATCCTTCTTGTTGATCATTTTGGAATCCTCCGCTGATTGTGTAAA
2611 TTTIGTAAGCACCACCCCTGTTCAAAAAAAAAAAAAAAA

Fig. 1. ¢cDNA sequence and deduced amino acids sequence of DvSPTI. Conservative sequences “GANDVAN” were double underlined. A poly(A) signal
sequence “TGTAA” was underlined. The base number were indicated on the left of the figure and the amino acid number is indicated on the right.
Sequence of C-2.0-CP1A60 fragment is marked with character frame.
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In addition, the deduced amino acid sequences exhibited
high similarities to those of the sodium-coupled phosphate
transporters, such as PHOS9 in S. cerevisiae and PHO4 in
N. crassa (Fig. 2). The protein encoded by the cDNA
shared high similarities to the other sodium-coupled phos-
phate transporter proteins (Fig. 2) in the N- and C-terminal
regions, but poor similarity and large gaps in the central
region of the proteins.

A hydropathy plot and secondary structure analysis
(http://www.ch.embnet.org) of the deduced peptide indi-
cated that there were 11 transmembrane regions (Fig. 3)
with a large hydrophilic loop between TM7 and TMS8 as
well as the hydrophilic N- and C-termini are intercellular
and extracellular, respectively. Furthermore, two short
repeats (G-A-N-D-V-A-N), which were highly conservative
in the sodium-coupled phosphate transporters, were also
identified in the predicated protein located in the positions
similar to those of PHO89 and PHO4 (Figs. 1, 2), one in
the hydrophilic loop between TM1 and TM2, the other
in the large hydrophilic loop TMS8. All these features
strongly suggested that the cDNA, which was designated
as DvSPTI, encoded a novel sodium-coupled phosphate
transporter protein (DvSPTI) in D. viridis.

DuSPTI expression was induced under NaCl osmotic stress
and phosphorus depletion

The cells were under hyperosmotic stress by changing the
concentration of NaCl in medium from 1.0 to 2.0 M, the
amounts of the transcript specific to DvSPTI was assayed
by Northern blot analysis at various incubation times of 0,
0.5,1,2,3,6,9,12, and 24 h using a 3’-terminal cDNA frag-
ment of DvSPTI as probe. The specific transcript was first
detected at 2 h after the shock, increased to the maximum
in amount at 3 h, and then gradually decreased to the base
level at about 24 h after the shock (Fig. 4A).

Previous studies showed the possible presence of a high
phosphate-affinity uptake system in Dunaliella salina by
which the uptake of Pi could be greatly increased by 20-
fold in the conditions of phosphate starvation [17]. To
observe the possible effect of Pi depletion on the expression
of DvSPTI, the cells were thoroughly washed with the
KH,PO4-free medium and incubated in the KH,PO,-free
medium for different times (0, 1, 3, 6, 18, and 36 h), the
RNA samples were extracted from the cells and subjected
to Northern blot analysis using 3’-terminal cDNA frag-
ment of DvSPTI as probe shown in Fig. 4B. The specific
transcript was detected at as early as 1 h after the depletion
of KH,PO,, increased to the maximal level in amount at
6 h and then decreased gradually to the base level at 18 h
after the depletion.

Functional characterization of DvSPTI in S. cerevisiae Na*
export pumps mutant G19

The genes encoding plasma membrane Na® export
pumps have been deleted in the yeast strain G19 and, there-

fore, it is more sensitive to external Na™ concentration than
wild-type yeast [18]. Any gene product facilitating Na™
uptake into G19 cells should further increase salt sensitiv-
ity. The transformed cells of G19:pYSPT1 were significant-
ly more sensitive to elevated external concentrations of
Na™ than transformed cells of G19:pYES2. Fig. 5 shows
growth curve between G19:pYES2 and GI19:pYSPTI at
different growth time in liquid minimal medium with
various concentrations of NaCl (1.71, 50, and 100 mM).
Growth of G19:pYSPT]1 cells were more strongly reduced
than G19:pYES2 with the elevated external concentra-
tions of Na™ during the whole exponential phase. For
example, the mid-log phase (Agyo=0.6) between
G19:pYES2 and G19:pYSPT1 was deferred more and
more long at this point for an average time of 2.20,
4.80, and 7.91 h with the elevated Na™, respectively. The
results were similar to the previous report [14], which indi-
cated that the DuvSPTI expression in yeast caused the
increase of Na™ uptake in agreement with the functional
prediction of DvSPTI as a sodium-dependent phosphate
transporter.

Isolation and sequence analysis of the DvSPTI gene

Using the same specific SSH fragment C-2.0-CP1A60 as
probe, a clone containing a specific genomic fragment
named as G DvSPTI (7922 bp) was isolated from the geno-
mic library of D. viridis [12]. By the BESTFIT (GCQG) anal-
ysis, the fragment G DvSPTI contained 20 exons and 19
introns (Fig. 6) that covered the full coding region specific
to DvSPTI. All of the 5’ donor sequences adhered to the
‘GT’ consensus at the start of the introns; and all of the
intron 3’ acceptor sequences at the intron—exon junctions
of the gene contained the invariant ‘AG’ [19] (Table 1).

The core motif of the promoter was predicated to be locat-
ed in the region of 817-866 bp (CCTATTGGCGATTAT
AAGTGCAGGGCCCTGCCGGCATTGCACGAGCG
CAT), the high lighted sequences of TATAA and A indicat-
ing a possible TATA box and a transcription initiation site,
respectively (Fig. 7). The translation initiation and termina-
tion sites were located at positions of 1318 and 6860, respec-
tively. In addition, a sequence of 5'-CAC GT-3' [20] was
found to be located at the position of 141-145, which has
been known to be the core consensus motif of the binding
sites for Pho4p [21,22] during derepression of the genes
PHOS (rAPase) [23], PHOS8 (rALPase) [24,25], PHO84
(high-affinity H"/Pi transporter)[2]; and PHOS89 [3]. This
suggested that the expression of DvSPTI would also be reg-
ulated by the PHO regulatory system. In addition, the cis-
element CACGT is known to be a conservative stress-related
regulatory element in plants [26].

There were three (CA/GT),, repeat sequences different in
length in the 5’ promoter region, and one (TG/AC);; long
repeat sequence in the sixth intron similar to SSR (simple
sequence repeats) found in Chlamydomonas reinhardtti [27].

By Southern blot analysis (Fig. 8), two dominant specif-
ic bands were detected by the probe of DvSPTI cDNA, this


http://www.ch.embnet.org

Q. Li et al. | Biochemical and Biophysical Research Communications 340 (2006) 95-104 99

1 100
DvSPTL (1)
PTB-2 (I}
TePHD (1)
Phottp (1)
PHO4 (1)
LRl (D)
Pht2:1 (1) MTLPYRFSSVRNHSLLLKTSHLCTPRSALGCCFSPKESPFFRKNTAGFLSPOKHTSLPLKLVCPLASF SSYADSEGEEGHHADOP | ONPHESSTVSNESD
101 ™ ™2 200
DVSPTl (1) —————————] NTDVDSF SGNMPNLSGFE SAAGHQGENF DS Ay TS 185 A T I T T ]
PIB-2 (D) P QL VNG s A AF BIE 1 BT K |
TePHO (1) oo of T AN EAL
Pho8%p (1) MALHOEDFIRF AL

PO+ (1) WL IF
R MATLITSTTAATAASEPLY i

Pht2:1  (101) GKGNAEAIGDFSGMAGAFmsstMSWLAFSAULP\FMKSLm@.ALmL!!SYMLLFﬁYMWJuﬂvﬁﬂa

TN3

Sy - £ VEDE I 30?

[+ BN POShs TP
nmmm»%%« 51 TN -0 T
ECEREI Gl ] o170 msswmmlmw--——m—ms

DvSPTI FEFVGAVSL GV AT T8 | JghlT TP (3
P1B-2 vmmmmm NVELAEGEN

TePHO

Pho8gp
PHO4 (53 TTLFADDG [ve-s§in-—b
Pht2:1  (201) nm@wmmmKBWWMWMWCWS ar., V Wwfifq‘
™ 400

DvSPTI IF[vL VDSGHDREGEL NHETOKKEVA 1 v IPY
PTB-2 1 YFRF TEAKK TLS—SSDDWEDAK AR | A FETIVL

ToPHo  (151) SIIFWEVD.EG%TW—-SMW Wi IV BNAFF I A sk S ———-TEAToAVT) BFVEREVEMVAVG
01 IASIRIAGIEASA  BAll

Pha8%p FelsF S{e vksLERS) 1KLL LvlTRDF Al s T DvwEseaLHLD-—-0ME TE TRvS 1 VL TR QEINYF | F
PHO4 ﬂ\w TR GITILR——SNP vV v EIVF a[ar DL BL WS YT ————TINPE 16T 11 VAWV TIF
LVRI VEAF IIH—K ADPVPHELRAL JIF v ACTVGINL FSOMYTEAPLLGFD-—-KEPLWGTI L1 BVeBAVF ORIV F

Pht2:1 (290) anm\@flvlmﬁzrﬂfswwewmwwmlSSAALPLS’JIFFMLS——%@JAWDR|

401 500

DvSPTI  (281) TIWLRESNLOEDOEVH EBMQROJETA
PTB-2  (246) VUL IWIADKKFRAD eakocoee
TePHo  (242) WHFIGHIDRAEEAS 1KAREAKTNED

Phod%p  (240) FYgFYRALIVLDODWTLK L 101 FRGPSFYFKSTDDI P—PHPEGHOLT IDYYEGRRNLGTTVEVEDEEN
PHO4  (239) LMGWEYRIVILEDWOLR FifH| PLGPLLLRRGEVPPPPADGSGVVODF YAGRL TKEQLAARRAONEDSE

LVRI  (250) VOGRICGIIIERE | KCSPSESPLMEKKNSLKEDHEETKLSVGDI ENKHPVSEVGPATVPLOAVVEERTVSFKLGDLEEAPERERLPSVDLKEE T DETVN
Pht2:1  (375) |RKCJIGHLLAKTKSPE

501 600
DvSPTI  (308) HVEMGGTLKEKNPEDDVHEL TKAEK-——FWEWFNG TR 6ORE-——-— ——-—————— FYKNFVARMTY T ATA THDN - ——-
PTB-2  (273) AQKKAKAEDEAAS ETNSKFLKANTS LKRAMNHEL EVETTE VJEEDP- -
TcPHO  (269) PEVAKDVEVEAVKTDN-~—---—-—-VLRSPLHAKJESWKE- - —---—=—=-mm—== | GNSL SKEVNHIIID VD TD T~ -
Phostp  (306) KEIBNSNDSVKNKEDI DEVDLVRTETEPETKLSTKOYWJSLLKEGPKINPL-——————————LFHLYI SHEWTOT | HAQVNDRD———-
PHO4  (308) VTSSTSHPSAPTDGEKGAT | TKDDSSYSHDHSEPAQAAZPO1 KTHVGPRPAGPHHSGAVL —F WY VWAL F no SSQOEKS—————-
LVRI  (350) GEVOLPHGNLVOFSOAVSHGINSSGHSOYHTVHKDSGLEKELL HKLHLAKVGDCHGDSGDKPLRRNNSYTSYTHAI FRAKEGEQKGEEMEKLT
Pht2:1  (391) TSONE: ...n&LsﬂAaPr"

601 HE 700
DvSPTI  (360) OIS FHGANDVAN: GPLA Kot
PIB-2  (320)
TePHO  (322)
Phod%p  (380)
PHO4 (397
LVRI  (450) mnbsxmRMosvtschAvsnLHsnsaausmmemﬂm(esuasl{fwmo
Pht2:1  (411)

101 H
DvSPTI  (424) WjvoscBe-JasoRRII Bud
PTB-2  (374) KOETLYE—Zvoag TN 1sA
TcPHO  (376) THTGLAK—QSEVZ! TN 6 AL
Phodop  (438) KT | GE—ZSEVZvNEAY S8V AR BoWTRIT I MEik 1L
PHO4  (455) KD@MPEKGWW@!S%IHME‘RITLUWE!SWIILM@WITETESG-WRIIE‘R
DEEPvSG—varg) NS0 ElcvERIGRIVIOINEKoL 1P | T3S | ZWISI i 1 NI B B vISTRvLRs— Bk

LVRI (550

Pht2:1  (455) ONGAAAGGAE VgDl SEF SEATN T CTEVIATIEKK | TELR | SATHTLUEAVAEEF ARG—LNSTRAE

801 THII 900
DvsPTI (523) I ETGVEMGATNITG: lF TOLDYVTHYORANK 1D 1 DOSMOALLDRCAR APAPTMG—~—-—————— GEGCRTADLNCSCO
PIB-2 (470 FRLFTGA | SCHKOL YLYERYT 1 EQGOS | AKDVLSTLNAYKTF AYONT TLPNLNQTKWOANNKS INAY | SHGTKFL

TcPHO (473 m@zwm.w[rlemuil ! | NIEEKNFLOSGIEGHVGANI TALNOTVYTSADPS ===~  EGILTFNTEW|
Pho89p  (535) WTAWCESEDFLIPIABL I KR! INGILNTRFGVEYONT
pHod  (554) Wawi §uEr 1 [Pl 1 BBoLal | NERRWGYSG
LVRI  (646) JFRNI 156V 1 SA MATIFRIY 1L Ry
Pht2:1  (563) TIREIVA VGATLEV 1Y THfJF T LEFVL
901 978
DvSPTI  (607) GRIPYTMBDLOGLKTQYDGLFNFEENGQ INEYNMNYMLRQINSLFKY TFFDGDSOYENVSEGTHP ————-——
PTB-2  (570) TYKSYGSLNPOTTNSYLSAAITLMASTS |TTLGOAOTYPTAKVCNDNSTLPHTZNOACKAPOPNKAI GSTYGFN I TTV
TcPHD  (553) GNMTHPLOYLYAGHVPVEDS | TLLSNOTWTTLSTLVPASGGDLSVVT SEEGSVFVONA-———————-—-
Phodtp
PHO4
LVRI  (680)
Pht2:l

Fig. 2. Alignment of the deduced amino acid sequence of DvSPTI and other Na*/Pi cotransporter. Identical and similar amino acids are shaded black
and gray, respectively. The 11 membrane-spanning domains in the two deduced sequences are predicated at website (http://www.ch.embnet.org/) and
double-underlined. The double-underlined letters denote sites for two conserved repetitive seven amino acid sequences (GANDVAN). PTB-2: BAB96548,
Chlamydomonas reinhardtii Pi-transporter homog B2; TcPHO: AA047330, Tetraselmis chui high-affinity phosphate transporter; PHO4: P15710,
phosphate-repressible phosphate permease of Neurospora crassa; Pho89p: NP_009855, Saccharomyces cerevisiae Na*t/Pi symporter; LVR1: AAA52572,
Leukemia virus receptor 1; Pht2;1: AJ302645.1, a low-affinity phosphate transporter from Arabidopsis. DvSPTI: DQ285474, Dunaliella viridis sodium-
dependent phosphate transporter 1.
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Fig. 3. The transmembrane region prediction was carried out at the website: http://www.ch.embnet.org/. The putative transmembrane regions are
indicated with TMn(n = 1,2,3,...11). Predicated topology of the DvSPTI polypeptide is represented with 11 TM domains, a long hydrophilic N-terminus,

and a hydrophilic loop between TM7 and TMS.
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Fig. 4. Northern blot analysis of DvSPTI transcripts abundance under
NaCl hyperosmotic treatment and phosphate starvation. Northern blot
analysis by using [0->>PJdCTP randomly labeled DvSPTI 3’ specific
cDNA fragment (2121-2138 bp) as probe. (A) Lane 1, D. viridis growing
in 1.0 M NaCl medium under continuous conditions; lanes 2-9: D. viridis
RNA shocking from 1.0 to 2.0 M NaCl medium for 0.5, 1, 2, 3, 6, 9, 12,
and 24 h, lanes 6-9; (B) DuvSPTI transcripts abundance during Pi
deprivation for 0, 1, 3, 6, 18, and 36 h, 15 ug total RNA was loaded per
lane. The lower box was rRNA stained with EB to indicate the consistence
of RNA samples in each lane.

suggested that there could exist at least two homologous
phosphate transporter genes at different loci in the genome
of D. viridis.

Discussion

The availability of minerals is recognized as a major lim-
itation for proliferation of phytoplankton in the oceans
and in freshwater habitats. Nitrate, phosphate, and iron
were identified as the main limiting ions, whose relative
contribution varies in different habitats [28]. Phosphate
uptake and storage has been studied extensively in freshwa-
ter and in marine algae. Phosphate deprivation was found
to induce in algae a remarkable enhancement of Pi uptake
as well as enhanced extracellular phosphatase activity
[29,30]. Uptake of inorganic phosphate was found to
depend on Na' in marine microalgae indicating a Na™-
coupled symport mechanism [31]. The rapid and large
induction of Pi uptake activity, the high-affinity for Pi,
combined with the large storage capacity for polyphos-
phates amounting to 500 mM Pi equivalents in D. viridis
[32], indicate that Dunaliella is well adapted to cope with
prolonged phosphate starvation. Calculation shows that
within less than 1h, D. viridis may accumulate 500 mM
equivalents of Pi from media containing pmol/L Pi concen-
trations. Recently, Meria Weiss has reported that Dunaliel-
la utilized the electrochemical Na® gradient also for
energization of phosphate and sulfate uptake via Na'/Pi
and Na"/SO, symporters, which suggested that Dunaliella
recycles Na™ ion across the plasma membrane as the main
ion in transport processes similar to the basic transport
mechanisms in animal cells and contrary to most plant
and fungi which utilize protons as the main coupling ion
in transport processes [17]. This conclusion is not surpris-
ing in view of the identification of at least three families


http://www.ch.embnet.org/

Q. Li et al. | Biochemical and Biophysical Research Communications 340 (2006) 95-104 101

1.2

1

08 —+—G19:pYES2, 1.71mM NaCl
—=—G19;pYSPTL, 1.7ImM NaCl
—a—G19:pYES2, 50mM NaCl
—l—G19pYSPT1, 50mM NaCl
—+—G19pYES2, 100mMNaCl
—&—GI19pYSPTI, 100mM NaCl

¢/
I/

60 66 72 78 84 90 096

o

Cell density/AS00

12 18 24 30 36 42 48 34 102 108

Growth time/hrs

Fig. 5. Growth curve between G19:pY SPTI and G19:pYES2 during exponential growth in liquid minimal medium with various concentrations of NaCl
(1.71, 50, and 100 mM NaCl). The cell density (Ag09) Was measured at different time for at least three times and the values are means of three experiments

+SD.

t

Promoter

ATG

’ Exon

—

TG Repeat

Intron

TAA

Terminator

Fig. 6. Gene structure of GDvSPT!. The diagram showed that the gene consisted of 20 exons and 19 introns and the 5', 3’-region of GDvSPTI. (B,E, and
H) denote restriction sites for BamHIII, EcoRI or HindIII, respectively.

Table 1

Intron and exon organization of GDsSPT!

Intron 5’-exon/intron 3’-intron/exon Intron size (bp) Preceding exon size (bp)
Intron 1 GGCAAGgtgagcgeg cacgcacagGCGAGA 221 151
Intron 2 GGCAAGgtgagcgac gtectgcagTGGTCT 258 29
Intron 3 CCACAAgtgagcact gteetgcagTGGTCT 236 100
Intron 4 TGCGTGgtgggtgce gecatcacagATTGCG 267 41
Intron 5 CCCCAGgtatttctt aacctgcagATTTTT 174 108
Intron 6 CTGCAAgtgagtagc tttccgcagTTGGGT 166 100
Intron 7 GATGAGgtgagacca tecetgecagTTCCCC 164 74
Intron 8 CACCAGgtgtgtgce ctectgcagGATTGT 160 98
Intron 9 CTGAAGgtgagcaga cacgtgcagAGTGTG 119 106
Intron 10 GCTCCAgtgagtctc ggcctacagGGAGGA 196 140
Intron 11 TGAAGAgtgagtgat cgeetgcagACTTTG 230 179
Intron 12 ACTGAGgtgggtttc ctettgcagGATGTG 149 110
Intron 13 TATCTGgtaagtgaa ttectgcagGGACAC 134 101
Intron 14 ATTGCGgtgagtatt ttectgcagACCCTG 147 123
Intron 15 GTTGTGgtgagtgat cecttgcagACTGGC 125 123
Intron 16 CCATCGgtgagtgtg ttectgcagGTGTGT 272 142
Intron 17 CTCCTTgtgagtcac gttctgcagGACCGA 160 95
Intron 18 CCATGGgtaagttct tecttgcagGTGACC 160 100
Intron 19 AACGAGgtaagctgt tgtgcgcagTACAAC 186 71
645

of phosphate transporter genes in plants and at least two in
yeast [33]. Unlike in algae, Pi transporters in plants and

yeast are predominantly H'/Pi symporters. Only PHO89

and PHO4 gene products from S. cerevisiae and N. crassa

are high-affinity Na™/Pi transporters induced under Pi star-
vation and activated at alkaline pH and high salinity [3].

In this report, a novel Na™*/Pi transporter gene DvSPTI

was isolated from D. viridis by using SSH cDNA fragment
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tcacttagaaagtgaaaaaaactgaatgctaagatggageaagtaattacttgtttatgaacaaaacaaacaaggagaageagagggaag
tectetggecteacgeattacatcagggeagetaaatgctoacacacacacacgtecgttaatgcatacgegogtecacacacaagegcs
cacacacacacacacacacacacacacacacacacacggtggtggggcteacactagtcacaatgetegtgtteggtetttcettaatec
ctgctggttaaatccagegtagacttttacttttttacacacgcatacacgcacgcacgeacgeacgcacgcacgcacgeacgcacecac
gCacgcacgcacgcgcacacgeacacgcacacacgeacacacacacacacacacacacacacacacacacacacacacacagaacttgca
atgcacaaaaacagcgaaaaaggaatccttgaattccacaactttcttgecaagtctgaaggagacagaagagtcatggggaggacgteca
ctegegttotgggcatgaaaggcaagaacccageacgcatacgctaattecacagegageaccacacccaaccagaggegagtggacacte
gocctgageccacgactgcacctgggeaggoaageccottaggatgcacattttgecttegacatgoecteccatteccaagegcacacaag
caggagcaatccttgetgtccacacgectgeactgecctecacctetegtgtgcgegeacatecatgtetgcgeatgeatgegtgagacgat
gt

tgcaagoctattggoga ggecctgecggoattgcAcgagegeatgocttgeaggtgcaccgegetttgteccctecat

ctcctggatetgtgtacaatacctcttgtgataatactaattcaatteteccaaggaggcatgggagctetgaattttotggcagtgcce
cggeacccatgagacgegttacteacctgaaatatetgegetegcatecacatecgatgatacageaatagegegagagegtetacacact
cttececccaaagaccaageageagagecgectototgggegtgagttcacactgtggtggtetgaageggccgtgttcacagtggeatea
tcgagagaagatgccctgcccgaggaaaagtgacccgecgoacccacctgogecaccaaacaatcatctCTTGTACATCGGTGCACGCAC

CGAGCCCCTCCCCACCGCCACTTCGTCTGCGAAAGCAGGAGGGGTAGGCACGCAGCCATGACGGACGTGGACAGCTTCAGCGGCAACATG

Fig. 7. Sequence analysis of the 5’ region of GDvSPT! and the following cDNA sequence. The letters of the cDNA sequence are all capitalized. The core
motif of the promoter is double underlined with a predicted transcription start site “A” in black font, and the TATA box is framed. The conserved
sequence ‘‘cacgt” and the two probable initiate codons are in bold font. The three (ac/gt), repeat sequences are shaded.
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Fig. 8. Southern analysis of DvSPTI. Genomic DNA was digested with
BamHI, EcoR1, BamHI/EcoR]1, and HindIIl. The DvSPTI ¢cDNA was
DIG-labeled. The positions of DNA marker fragments and their lengths in
kilobases are indicated at left.

C-2.0-CP1A60 as probe. The deduced protein shares high
sequence similarity with those Na'-dependent Pi transport
proteins from eubacterial and eukaryotic organisms [3,4].
Two conserved domains exist in both the N- and C-termi-
nal regions of DvSPTI and all related sequences (Fig. 3).
Conserved amino acids in the sequences of evolutionary
distant organisms are likely to represent structurally or
functionally important domains and residues. Within these
two domains, the two polar amino acids asparagines and
aspartate may be particularly relevant for Pi binding and
transport activity. Further studies, including site-directed
mutagenesis, should give insight into the structure—func-
tion relationships within DsSPT1. The largest hydrophilic
loop between TM 7 and TM 8 and the hydrophilic N-ter-
minus and C-terminus may also be involved in Pi binding
or regulation of transporter activity.

DuvSPTI expression under NaCl hyperosmotic stress
and phosphorus depletion starvation showed that the
transcripts of DvSPTI were enhanced to a high level in
a short time for about 1-3 h (Fig. 4), which indicates that
DuvSPTI expression is highly relevant to the NaCl concen-
tration and phosphorus concentration in medium, in
agreement with a previous report [17]. They have demon-
strated that Dunaliella had a high-affinity phosphate
uptake system specifically dependent on Na' and they
have proved that phosphate uptake was dependent on
pH and highest rates of uptake were observed at pH 8.
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Yeast complementation work further confirmed that
DuSPTI encoded a Na® influx protein.

The previous reports have indicated that intracellular
orthophosphate played an important role in triggering
osmoregulation in the alga D. viridis [34-36]. How should
DuvSPTI function when D. viridis is subjected to osmotic
stress. We propose that DvSPTI may be involved in the
process to regulate the intercellular phosphorus concentra-
tion under osmotic stress and herein to regulate the inter-
cellular balance of glycerol and starch synthesis or
elimination. Under hyperosmotic stress, DvSPT1I is elevat-
ed to a high level to transport more phosphate into the cell
and the intracellular phosphate concentration was raised to
promote the glycerol synthesis. After the glycerol is enough
to balance the osmotic stress, the de novo transcripts of
DuSPTI will decreased to the normal level.
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