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Abstract A transcript-derived fragment (TDF) showing up-regulated expression under low Pi stress and being
identical to an uncharacterized phosphate transporter gene 7aP72-1 was cloned in wheat. TaPT2-1 was 2075 bp in
length and encoded a 568-aa polypeptide. Transmembrane prediction analysis suggested that TaPT2-1 had 13
conserved transmembrane domains. 7aP72-1 shared much higher similarities to other four homologs from Arabidopsis
thaliana, Solanum tuberosum, Capsicum frutescens, and Solanum melongena. The expression of TaPT2-1 was root
specific and low Pi inducible, suggesting that it plays roles in roots and is involved in the Pi acquisition under Pi-starved
condition. The promoter region of 7aPT2-1 was cloned based on genome walk analysis. Several types of cis-regulatory
elements, such as low Pi responding and tissue specific, were identified in 7aP72-1 promoter. The transgenic tobacco
plants with the integrated 7aPT2-1 promoter GUS were generated, and GUS histochemical staining analysis in the roots
and leaves of the transgenic plants was performed. The results of GUS staining in roots and leaves under various Pi
supply conditions were in accordance with the 7aPT2-1 transcripts detected based on RT-PCR analysis. Taken together,
the distinct expression of low Pi-induced and root-specific 7aPT2-1 suggested that it could be used as the potential gene

resource on generation of elite crop germplasms with high Pi use efficiency in the future.

Keywords

Introduction

As an essential macronutrient in plants, phosphorus (Pi) plays
key roles in a range of biochemical processes associated with
plant growth and development. However, most arable soils
throughout the world are deficient in readily available forms
of Pi, resulting in the limiting of plant growth in many crop
ecosystems. It is noted that plants have evolved a range of
strategies to improve the availability of soil Pi. These include
both morphological and biochemical changes, such as
increased root growth and branching, proliferation of root
hairs, and release of root exudates, which increase plant
access to Pi from the poorly available sources (Raghothama,
1999; Vance et al., 2003).
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On the other hand, the membrane-bound phosphate
transporters (PTs) specifically associated with Pi uptake
from soil solution and the Pi cellular transportation play
critical roles for plants to adapt to the starved Pi stress.
Expression of part of these transporter genes is induced in
response to Pi deficiency and enables Pi to be effectively
taken up against the large concentration gradient that occurs
between the soil solution and internal plant tissues (Smith
et al., 2000).

Pi transporters belonging to two major gene families (Phtl
and Pht2) have now been identified for a range of plant
species (Rausch and Bucher, 2002) and have been most
extensively studied in Arabidopsis (Muchhal et al., 1996;
Mitsukawa et al., 1997; Smith et al., 1997, 2000; Okumura
et al., 1998; Karthikeyan et al., 2002; Mudge et al., 2002).
The members of the gene family that are expressed in roots
are typically up-regulated under Pi deficiency, but the
molecular basis of the regulation has not been enough
investigated. Relatively little work has been reported on the Pi
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transporter family of genes in cereals, although at least eight
Phtl genes have been identified in barley (Rae et al., 2003).

In this study, a Pi transporter gene referred to as 7aPT2-1
was cloned based on analysis of a starved Pi-induced
transcript-derived fragment (TDF). The molecular properties
and expression pattern of 7aP72-1 were investigated. For
further understanding of the regulation of the Pi uptake
mechanism, the promoter region of 7aP72-1 was cloned and
functionally analyzed using reporter gene GUS. The results
explored that 7aPT2-1 was expressed to be root specific and
inducible under deficient Pi condition, suggesting that several
cis-regulatory elements in the promoter region, such as PIBS,
PHO-like, and ROOTMOTIFTAPOXI1, may potentially be
involved in regulation of the distinct expression pattern of the
target gene. TaPT2-1 also acted as a putative gene resource on
generation of crop elite germplasms with high Pi use efficiency.

Materials and methods

Obtainment of a novel wheat PT gene TaPT2-1

A cDNA-AFLP analysis was conducted for identification of
the differentially expressed genes in wheat that responded to
the low Pi stress. Among the identified TDFs (Gu et al,,
2009), a TDF with up-regulated expression pattern in roots
under Pi stress condition was identified to share high
similarity with a PT gene in Arabidopsis (GenBank accession
number AF515591) based on BLAST search using the TDF
as a query. A full-length cDNA being identical of the TDF,
designated as 7aPT2-1, was obtained in the GenBank
(accession number AY293827).

Molecular characterization of TaPT2-1

ExPASy online tool (http://www.expasy.org/tools) was used
for prediction of the polypeptide translated by 7aP72-1. The
molecular weight and the isoelectric point (pl) of TaPT2-1
were calculated using DNAStar software. The numbers and
the positions of transmembrane domain in 7aPT2-1 were
predicted online (http://www.ch.embnet.org/software/
TMPRED _form.html). For generation of a phylogenetic tree
of 7TaPT2-1 and its homologs in plant species, the plant Pi
transporter (PT) genes sharing high similarities with 7aP72-1
were identified based on BLAST search. The phylogenetic
tree was generated using the Megalign program provided in
the DNAStar software.

Expression patterns of 7aPT2-1 under various
Pi conditions

Shixin828, a wheat cultivar behaving high Pi use efficiency
under Pi-deficient condition (Guo et al., 2008), was used for
analysis of the 7aPT2-1 expression patterns under various Pi
supply conditions. The young seedlings were hydroponically
cultured in MS medium under the following conditions: a

photoperiod of 12 h/12 h (day/night), temperature of 20°C/10°C
(day/night), and a relative air humidity of 75%. At the third leaf
fully expanded stage, the seedlings were low Pi treated by
reducing the medium Pi from the former 2 mM to 20 uM. The
tissues of root and leaf were sampled in 2, 6, 12, 24, and 48 h
after low Pi treatment, respectively. The roots and leaves
collected before low Pi treatment were used as the control.

Semi-quantitative RT-PCR was performed for detection of
TaPT2-1 transcripts in wheat roots and leaves. The total RNA
was isolated using TRIzol reagent (Gibco-BRL, Life
Technologies) according to the manufacturer’s instruction.
The transcripts of 7aPT2-1 in roots and leaves were detected
based on one-step RT-PCR analysis (TaKaRa) by using the
gene-specific primers. The primers were 5-GATGTCT-
CAATCTTCTCCTTTCTT (forward) and 5'-
GGTGACCTCTCAAAACAGCAACTGTTT (reverse). The
program of PCR was performed as follows: 3 min at 94°C
followed by 30 cycles of 45 s at 94°C, 30 s at 55°C, and 2 min
at 72°C. A 7min extension at 72°C was added after the
thermal cycling. Parallel to the detection of TaPT2-1
transcripts, an additional RT-PCR analysis for detection of
the transcripts of wheat Tubulin, a constitutively expressed
gene, was conducted for normalization of the potential errors
of TaPT2-1 transcripts in the Pi treatments. The primers for
amplification of Tubulin were 5'-CATGCTATCCCTC-
GTCTCGACCT-3' (forward) and 5-CATGCTATCCC-
TCGTCTCGACCT-3' (reverse). Each RT-PCR analysis was
performed three replicates for reproducibility.

Cloning of the TaPT2-1 promoter

For identification of the transcriptional pattern of 7TaPT2-1,
the promoter region of this gene was cloned based on genome
walk analysis. For that, the genome DNA of Shixin828 was
extracted using CTAB method from the leaves. Three specific
primers, referred to as SP1, SP2, and SP3, with the sequence
of 5'-GCCTTTGCCATCTCTGACAGCTCGG-3', 5'-
GAGAGTGTGGCGCGCGGAAGCACCA-3', and 5'-
AATGGTGGGTGGCAGCTGAGCGGCA-3', respectively,
were used for amplification of the putative 7aPT2-1 promoter.
The Genome Walking kit (TaKaRa) was used for cloning of
the putative promoter and the procedure was performed based
on the manufacturer’s descriptions.

The putative cis-elements in 7aPT72-1 promoter were
identified based on scanning a database of plant cis-acting
regulatory DNA elements (PLACE, http://www.dna.affrc.go.
jp/PLACE/fasta.html).

Construction of a binary plasmid fused the 7aP72-1
promoter and genetic transformation of tobacco

A 1744 bp in length flanking at the upstream of TaPT2-1
translation start codon (ATG) was PCR amplified with the
primers: 5'-TTGAATTCCCGGCAAGCTCCTCTT-3" (for-
ward) and 5-TTCCATGGAGTGGCAGAAGCA-3'. After
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double digestion by EcoRI and Ncol, the PCR products were
integrated into binary expression vector pCAMBIA3301,
which was removed of CaM V35S promoter upstream of the
reporter gene GUS, via double digestion by EcoRI and Ncol.
The generated binary plasmid was referred to as pCAM-
BIA3301-TaPT2-1-GUS and transformed tobacco leaf
explants (cv. Wisconsin 35) according to the descriptions of
Guo et al. (2009).

Molecular identification of the transgenic tobacco plants
and assay of GUS activities

The T2 transgenic tobacco plants with the integrated 7aP72-1
promoter were cultured in solidified MS agar medium with
different Pi supply conditions (2 mM, normal, and 20 pM, Pi-
starved). The generated T2 plants with the integrated empty
binary vector were parallel cultured and used as the control. At
the third leaf expansion stage, the genome DNA was extracted
using CTAB method. The PCR was performed for identifica-
tion of the positive transgenic plants by using the genome
DNA as the template. The primers used in the PCR were the
same as those in 7aPT2-1 promoter cloning mentioned
previously. The PCR program was the same as in analysis of
TaPT2-1 expression patterns described above.

The GUS activities in the 7aPT2-1 promoter integrated
plants and the control were assayed by following the
descriptions of Jefferson et al. (1987).

Results

Identification of a TDF sharing high similarity with an
Arabidopsis PT gene

A cDNA-AFLP analysis was performed to identify the
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differentially expressed genes responding to the low Pi stress.
A TDF showing up-regulated expression in 24 and 48 h after
low Pi stress was identified (Fig. 1A). The sequence of the
TDF is listed in Fig. 1B. BLAST search analysis suggested
that the TDF shared high similarity with an Arabidopsis Pi
transporter gene (P7, GenBank accession number
AF515591).

Molecular characterization of TaPT2-1

BLAST search analysis explored that the TDF was identical
to an uncharacterized PT gene (GenBank accession number
AY293827) in wheat. Based on RT-PCR by using the gene-
specific primers and the 48 h low Pi-treated root cDNAs, the
full-length ¢cDNA of T7aPT2-1 was cloned. The cDNA
sequence and the corresponding translated polypeptide of
TaPT2-1 are listed in Fig. 2. TaPT2-1 was 2075 bp in length,
encoding a 568-aa polypeptide with a molecular weight of
59.06 kDa and an isoelectric point (pI) of 9.51. Transmem-
brane prediction analysis suggested that TaPT2-1 had 13
conserved transmembrane domains. A hydrophilic loop was
located at the zone between the transmembrane domains IX
and X (Fig. 3). The conserved transmembrane characteriza-
tion of TuPT2-1 suggested that this wheat PT gene is possibly
involved in the Pi transportation at the cellular level.
Phylogenetic tree covering the 7aPT2-1 nucleic sequence
and its plant homologs was generated (Fig. 4). Of TaPT2-1
and other 31 homologs, a total of five subgroups (Subgroups I
to V) could be classified. It was shown that 7aPT2-1 shared
much higher similarities to other four PT genes derived from
A. thaliana (GenBank accession number AY293827), S.
trberosum (GenBank accession number AY603690), C.
frutescens (GenBank accession number EF094557), and S.
melongena (GenBank accession number EF(094558).

IS ACCAGCTTCTGCACCTATTGCAGTTTTTACTGGT
GTCACTGCAATCTCGTTTGCCGCTTTCCCTCTCAGCAG

GACATTTTCCATTGCCGTTCTGCAAGCATTAGTATGTG

GGGCAATAGGAGCTGTCTTTGTTAGCAGGGCAATCAAA
ARACAGCTTGGTGACCTACTGTCTTCAGAAGCAGAAAA
GATAGCAACTGCTGACAATACAGATGTTCAGCAAGGTG
GATTTGACGTTGCTGGCCCTAGAGGAGCTCAATTGCAG
ATTGTATACGGCGTATTTGGCTACATGCAGGTCCTGTC
AGCATGCTTCATGTCATTCGCTCATGGAGGCAATGATG
TCTCCAATGCCATAGGGCCTCTGGCCGCAGCTTTGICT
CTTCTTCAAGGCGTAGCAAGCAGCGCTGAGATAGTCAT
ACCGACTGAAGTCCTTGCTTGGGGTGGTTTTGGAATTG
TCGCAGGGCTTACAATGTGGGGTTATAGAGTCATAGCA

ACAAATTGGCAAGAARAATCCCCNGAATTAA

I —_——

Figure 1

Identification of a TDF responding to the starved Pi stress. A: A TDF band in a polyacrylamide gel by an arrow responds to

starved Pi condition of 24 and 48 h. B: The sequence of the TDF. The restriction digestion site of Ps#l and Msel, two restriction
endonucleases used for digestion of the cDNAs of roots of CK, 24 h, and 48 h of starved Pi treatment, are shaded.
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TGCCCCTTCCTCTCCTGCTCTCCACTGATCATCTCATCTCTTTCTTCTTIGGTGCTCCCCCCTGGTTTTAGCTTCTGCCACTCCATGTET
M S
CAATCTTCTCCTTTCTTTTCCATTGCCCGAGCACATGCTGGAGCAGGAGEGGCGAGCTGCGGCTGCCGCTCTCCTGCTCCGTTGCCCTGEC
Q s S PF F S I A R A HAGATGEGR A AAAMALILILRTECP A
GCTCAGCTGCCACCCACCATTCACTGCCCAAGGTACTTCCGTCTGGCTAAAGTGTCGCCTGCCAAGACACTGAGCTCGCACCTGGTGETT
A QL PP TTITHTGECUPMBRY F RLOAIHKWUS P AaAaHKTILS S HLUL
CCGCGCGCCACACTCTCCTCCTTTGCAGACGCTGACGATGGCTCCAGTGCAAACTCGGATGCCTCEGGGGAGCGGAGCGGAGGATCCGAG
P R A TUL S S F A DA DD E& S S ANSDOASGEURSTG G S E
CTGTCAGAGATGGCAAAGGCGTTCCATATTTCACCACGGATGGCCATGTCAATCTCTGTGGTGATTGCATTTGCAGCTCTCACTGTTCCA
L $S EM A KA F H I S PR MAMKS IS VUV I AFAAMLTUP
CTGGCGATGCGCTCACTGCTCTTCCATGGGACGACCARGATGARGGTGCTGGCATATCTGACCCTTCTGTCAGGATTCTACATGGCATEG
L AMR S LLF HGE6TTEKMHMI KUVULAaAY L TLLSGF Y HaAaW
AACATTGGAGCGAARTGATGTGECAARTGCCATGGGGACGTCGETAGGATCTGGTGCTTTGACTCTCCGGCAGGCGGTGCTGACTGCAGET
N I G A ND VU A NAMGT S VG S 6 AL TILRIOQAULTOANA
GTGCTAGAGTTCTCTGGTGCATTCCTTATGGGCACCCATGTCACCAGCACCATGCAGAAGGGCATCCTCGTCACATCTGTCTTCCAAGGA
U L EF S G A F L MGTHUTS TMH K 6 I L VU T S U F Q@ G
AATGATTCTCTGCTCTTTGCTGGATTGCTGTCCTCCCTCGCTGCTGCTGGTACATGETTGCAGGTTGCTTCCTCTTATGGCTGGCCTGTG
N D S L L FAGLILS S LAAMAATSGTWL QU AS S Y G WPU
TCAACTACCCATTGTATTGTTGGGGCTATGGTTGGTTTTGGGCTGGTATATGGAGGGGTCARTGCAGTTTTCTGGAGCTCCTTGGCTAGA
$ T T HTCTI VUG A MU G6 F 6L UV Y G G UV NAUF WS 5 L AR
GTATCTTCGTCATGGCTTATTTCTCCACTGATGGGTGCTGCAGTCTCATTITCTTGTTTACAAGTGCATACGCAGGTTCGTATACAGCGEA
U 5§ 5§ S wL I S PLM®KGAAWUUS F L U Y KCTIRURTF U Y S5 A
CCAAATCCAGGTCAAGCTGCAGCAGCTTCTGCACCTATTGCAGTTTTTACTGGTGTCACTGCAATCTCGTTTGCCGCTTTCCCTCTCAGE
P NP G Q A A A A S A P I A VF TG VU T AT S F AAMTFP L S
AGGACATTTTCCATTGCCGTTCTGCAAGCATTAGTATGTGGGGCAATAGCGAGCTGTCTTTGTTAGCAGGGCAATCAAARAACAGCTTGET
R T F 3 I A VUL Q A 1L UVCECG6aATTGEG AU F U S RATIEKIEKDQL G
GACCTACTGTCTTCAGAAGCAGAAARGATAGCAACTGCTGACAATACAGATGTTCAGCAAGGTGGATTTGACGTTGCTGGCCCTAGAGGA
P L L S S EAEU K I ATADHNTUDU QO G666 F D VUAaATG P R G
GCTCAATTGCAGATTGTATACGGCGTATTTGGCTACATGCAGGTCCTGTCAGCATGCTTCATGTCATTCGCTCATGGAGGCAATGATGTC
A Q L QI V¥ 6 VF GY HMQ VL S ACFMHMS F A HEGGHNHDWU
TCCAATGCCATAGGGCCTCTGECCGCAGCTTTGTCTCTTCTTCAAGGCGTAGCAAGCAGCGCTGAGATAGTCATACCGACTGAAGTCCTT
S NA I GGPLAAALSLLOQGUVYVA S S A ETUVIPTEWUL
GCTTGGGGTGGTTTTGGAATTGTCGCAGGGCTTACAATGTGGGGTTATAGAGTCATAGCAACAAATTGGCARGAAAAATCCCCNGAATTA
A WG G F G I VA G6L T HWE Y R UTI ATMHNWWDOQEI K S P EL
ACACCCACAAGGGEGTTCGCAGCAGAGTTTGCCGCCGCTTCTGTGGTCTTIGTTTGCATCTAAGCTTGGGTTGCCAATATCTGCTACACAT
T P TR GF A A EF A A AS VU UL F A S KL GLU®PT S aTH
ACACTTGTTGGTGCAGTGATGEGTGTGGGATTTGCAAGAGGTCTCAACAGAGTCAGAGCAGAGACTGTGCGTGARATTGTGGTCTCCTEE
T L VGEAUMGE UV 6 F A RGLMNRURAMETWUVURETIU U S W
GTGGTCACAATTCCAGTTGGTGCTTTGCTATCAGTCTTCTATACATTAATCTTGACCAAGATTCTGAAATACTTTATGTGAGTGCTTTGT
vu v T I PWVG6ALL S VUVF Y TLTIULTIEKTILIKYF H
GAGAAACAGTTGCTGTTTTGAGAGGTCCAGCCGTTGCCCCTAAATTTTTTATGCTGTAAAARAATETGTAACAGTGAATAGATGAGCCAG
TTCCGGEAGTTTCCAGCAGTGEAATTGAAAAGATTTGTCAGAGCAAATAATCATTTTCCTGGCAACAAAGCACATEGATTAGEATAAAGEA
TTTATGGTAAATAATCATGTTTGAGACTCCCAGCTTCTTCATCTTTTATCTCTAATGTACCACCTATATGACTATCTTTATATTTTCTAC
CGGARGGGGAATATTTCAATTTCTA

Figure 2 The cDNA sequence and the corresponding translated polypeptide of 7aPT2-1.

Therefore, it could be speculated that 7aPT2-1 possibly
originated from the same ancestor with other four homologs
mentioned above.

Expression analysis showed that 7aP72-1 was root
specific; no transcripts of this gene were detected in leaves
(Fig. 5). In roots, the TaPT2-1 transcripts under normal Pi
supply condition were marginally detected. Under low Pi
stress, the expression level of 7aPT2-1 was elevated, showing
a pattern of gradual up-regulation in a 48h low Pi time
regimen (Fig. 5). Therefore, 7aPT2-1 was suggested to play
roles in roots and involved in the Pi acquisition under Pi-
starved condition.

Cloning of 7TaPT2-1 promoter and identification of the cis-
regulatory elements in the promoter

A genome walk was performed for cloning of the promoter
region of TaPT2-1. The results of three rounds of specific
PCR amplification for the 7aPT2-1 promoter are listed in

Fig. 6. Sequencing analysis suggested that the promoter
region, flanking at the upstream of 7aPT2-1 translation start
codon (ATG), was 1744bp in length (Fig. 7). TaPT2-1
promoter contained the conserved elements, such as TATA-
BOXS5 (TTATTT, positions —1051 and — 1435 upstream of
ATG) and CAATBOXI1 (CAAT, positions —401, —686,
—1035, —1127, —1223, —1327, —1347, and —1378)
interacting with the RNA polymerase and regulates the
transcription efficiency, respectively. Two important cis-
regulatory motifs, PIBS (nnATATnC, positions —192,
—1219, and —1385) and PHO-like (G(G/T/A)(C/T/A)
GTGG, position —1121), previously identified to be involved
in responding to the Pi stress, were also identified. These
results suggested that the up-regulated expression of 7TaPT2-1
under Pi stress was possibly associated with the existence of
PIBS and PHO-like in the promoter.

Several types of cis-regulatory elements, such as tissue
specific, defense response, auxin and salicylic acid respond-
ing, and signaling of light, sugar, and carbon metabolism,
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Figure 5 Expression patterns of 7aPT2-1 in roots and leaves under various Pi supply conditions.

M SP1  SP2  SP3

Figure 6 Cloning of 7aPT2-1 promoter region based on genome
walking. SP1, SP2, and SP3 are the three rounds of specific PCR
products of TaPT2-1 promoter.

were also identified in 7aP72-1 promoter (Table 1). Among
them, the type of tissue specific included motif ROOTMO-
TIFTAPOX1 (position —1285), GATABOX (positions
—195, —1013, —1114), and EBOXBNNAPA (positions
—758, =790, —834, and —929), suggesting that they were
involved in determination of 7aPT2-1 with a root-specific
expression pattern. Other types of cis-regulatory elements in
TaPT2-1 mentioned above implied that 7aPT2-1 possibly
responds to other external and internal signaling, such as
abiotic stresses, part of phytohormones, and light activation.

Molecular identification of transgenic tobacco plants
integrating TaPT2-1 promoter and assays of GUS
activities

The transgenic tobacco plants integrated with the 7aPT2-1-
GUS were generated via Agrobacterium tumefaciens-
mediated approach. Four T2 independent transgenic lines
(Lines 1 to 4) and the control (CK, T2 plants that transformed
the empty binary vector) were subjected to molecular analysis
of PCR using the specific primers of 7aPT2-1 promoter. The
extracted genome DNA of CK and the transgenic plants is
shown in Fig. 8A. Further PCR analysis suggested that the
TaPT2-1 promoter was all specifically amplified in the tested
transgenic plants (Fig. 8B).

The roots and leaves of seedlings derived from CK and the
transgenic plants at the young growth stage were sampled for
GUS histochemical staining analysis. The results are shown
in Fig. 9A—-9C. Under normal Pi supply (2 mM P1i) condition,
the GUS was strongly detected in roots and leaves of CK
(Fig. 9A), with much higher levels than those in the
transgenic plants (representative line, Line 2) (Fig. 9B).
Under low Pi (20 uM P1i) condition, no varied GUS staining
levels of roots and leaves in CK were detected (not shown).
However, the GUS staining levels in the roots and leaves of
the transgenic plants were intensified markedly compared to
those in normal Pi supply condition (Fig. 9C). These results
demonstrate that 7aPT2-1 promoter contains low Pi respon-
ding elements that are important to determine 7aPT72-1
response to the external low Pi signaling.

Discussion

The acquisition of Pi by plant roots is mediated via two
phosphate transportation systems: high-affinity system and
low-affinity system, which are mainly involved in transporta-
tion of Pi under Pi stress condition (UM range of Pi) and
normal Pi supply condition (mM range of Pi), respectively. Pi
transporters with high affinity are components of the high-
affinity system and play critical roles for uptake of Pi in roots
under starved Pi condition. This type of Pi transporters with
low Km value generally varies between 3 and 10uM
(Raghothama, 1999). Thus far, lots of Pi transporter genes
with high-affinity properties, derived from plant species, such
as M. truncatula (MtPT1 and MtPT2) (Liu et al., 2008), rice
(OsPTI) (Seo et al., 2008), tomato (LePT! and LePT2) (Liu
et al., 1998), and potato (StPT1 and StPT2), are cloned and
functionally characterized. On the other hand, as the
components of low-affinity Pi transportation system and the
Km value of 50 to 300 pM, the PTs are generally involved in
the Pi uptake under rich Pi supply condition and functional in
cellular Pi transportation (Raghothama, 1999). Sharing high
similarities with the PTs characterized in plant species,
TaPT2-1, is speculated to be functional on regulation of plant
phosphorus nutrition in wheat.

The expression patterns of high-affinity Pi transporter
genes generally induced by starved Pi stress further
contributed to the activation of the Pi transportation system
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GCCTTCCCGGCAAGCTCCTCTTGCCGGGGCCTTGGTTGGCCTTCCCGGCAAGCTCCTCTTGC -1683
CGGGGCCTTGGTTTGAGTAC T—T_TGTTCTT GAATGGTCTTCAAGGGAACCACGAAGGGTCTAG -1621
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ACAATACCCATGAGATGTCCTCCACTCCACAACACTCTGTTACATTGTCATCAGTAATAATT 629
ATACAACAACAACACAACAACARAGCCTTGTTGCTGTTGTGTCATCAGTAATAATTATGGCA -567
CAGGARATCCTATAGTGTGTGTGTATTAACRAAAACAGTGAGAATAATAAGAACACTAAARA -505
TGCATGATGTCCTGAGAGGGACACTAGTTCCGGTTACTCTACACAGTGCATAACGCAAACAT -443
GAARACGGCAAAAGGAACAGAAGAAACATCATTTTGCTTCAATCAAAAATCCAACTACCCTAA -381
GAAGGTACTAGTGCCAGGCTAAAGGCCAGGCCGAGAATCAAAACAACAGGAAGAGACACGTA -319
TTTGGATCTTGAGAAGAAACAGAGTGGAGGGAGGTCCAGTCCGGACATCCATGCAACAGARAA 257
ACAAACAGTCCAGCAGCCCGCTGCGACCCCAGATTATGGATTAGGCGGGAATCTTGCCGATA ~195
TCCCCTTCCACCACTCGTTCCTTCCCACCACTCGTTCGTCCCAGCCCAAGCTGGGCCACCAC -133
AGAAAGCAAGCTCTTGCTTCCATCCACAGCTCCCTCCTATGGCCACCGCTCCCCCTTCCTCT -71
CCTGCTCTCCACTGATCATCTCATCTCTTTCTTCTTGGTGCTCCCCCCTGGTTTTTGCTTCT 9

GCCACTCdEEQTCTCAATCTTCTCCTTTCTTTTCCATTGCCCGAGCACATGCTGGAGCAGGA 53

GGGCGAGCTGCGGCTGCCGCTCTCCTGCTCCGTTGCCCTGCCGCTCAGCTGCCACCCACCAT 115
_TCACTGCCCAAGGTACTTCCGTCTGGCTARAGTGTCGCCTGCCAAGACACTGAGCTCGCACC 177
TGGTGCTTCCGCGCGCCACACTCTCCTCCTTTGCAGACGCTGACGATGGCTCCAGTGCAAAC 239
TCGGATGCCTCGGGGGAGCGGAGCGGAGGATCCGAGCTGTCAGAGATGGCAAAGGCGTTCCA 301
TATTTCACCACGGATGGCCATGTCAATCTCTGTGGTGATTGCATTTGCAGCTCTCACTGTT 363

Figure 7 The TaPT2-1 promoter sequence. The translation start codon (ATG) of 7aPT2-1 was boxed. The cis-regulatory elements PIBS
and PHO-like putatively involved in regulation of gene expression to be low Pi responding are shaded and underlined, respectively. The
primers used for the 7aPT2-1 promoter integration into binary vector pPCAMBIA3301 are underlined and labeled concomitantly with
forward arrow and reverse arrow, respectively. The three specific primers, SP1, SP2, and SP3, used for cloning of 7uPT72-1 promoter in
genome walking, are shown by reverse arrow.

(Liu et al., 1998; Daram et al., 1999; Chiou et al., 2001). In  supply condition, showing a pattern to be gradually elevated
this study, the transcripts of 7aPT2-1 were detected only in  in a 48 h starved Pi regimen. The GUS histological staining
the roots, showing a pattern to be root specific. In the analysis in which the reporter gene GUS was directed by the
meantime, the expression levels of 7aPT2-1 in roots were  putative TaPT2-1 promoter also demonstrates that the down-
much higher under low Pi stress than those under normal Pi  stream gene was low Pi responding. These results suggested
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Table 1 The putative important cis-regulatory elements identified in 7aP72-1 promoter

Type cis-regulatory element Motif Occurrence  Position Putative function
frequency
Transcription and TATABOXS TTATTT —1051; —1435 Interaction of RNA poly-
regulation merase
CAATBOX1 CAAT —401; —686; —1035; Regulation of transcription
—1127; —1223; —1327;, efficiency
—1347; —1378
Low Pi PIBS nnATATnC —192; —1219; — 1385 Responding to low Pi
responding PHO-like G(G/T/A)(C/T/A)GTGG —1121 Responding to low Pi
Tissue specific ROOTMOTIFTAPOX1 ATATT —1285 Root predominantly
expression
GATABOX GATA —195; —1013; Tissue-specific expression,
-1114 light regulated
EBOXBNNAPA CANNTG 4 —758; —790; —834; —929 Tissue-specific activation
Defense response ACGTATERD1 ACGT 2 —320; —1180 Early response to
dehydration
MYCCONSENSUSAT CANNTG 4 —758; —790; —834; —929 Cold responsive
LTRECOREATCORI15 CCGAC 1 —1531 Low temperature-responsive
element
WBOXNTERF3 TGACY 1 —846 Rapid and transit activation
of transcription by wounding
WRKY710S TGAC 6 —731; —847; —873; Defense signaling regulated
—-913; —1006; —1137 via WRKY transcription
factors
Auxin and salicylic ASFIMOTIFCAMV TGACG 3 —730; —872; Transcription activation by
acid responding —1005 auxin and/or salicylic acid
Signaling of light, SORLIPIAT GCCAC 5 —4; —87; —136; Light regulated
sugar, and carbon —1330; —1373
metabolism _§50. _ Q76 _ . :
GTICONSENSUS GRWAAW 4 j 32’7 876; 1018, Light regulated
ASFIMOTIFCAMV TGACG 4 —730;, —872; —912; Light regulated
—1005
WBOXHVISO1 TGACT 1 ~846 Sugar signaling and sugar
responsive
DOFCOREZM AAAG 7 —127; —357;, —430; Carbon metabolism
—-604; —773; —1016;
-1213
M CK  Linel Line2 Line3 Line4 Line5 that TuPT2-1 was classified into high-affinity Pi transporter

Figure 8 Molecular identification of the transgenic tobacco
lines that were integrated 7aPT2-1 promoter. A: The genome
DNA extracted from CK and the transgenic tobacco lines. B: PCR
results in which the genome DNA extracted from the CK and the
transgenic tobacco lines was used as the template.

gene family and possibly involved in the Pi acquisition in
roots under starved Pi condition.

Characterizations of the promoter are potential for
identification of the transcription regulation mechanism.
Previously, the promoter regions of the Pht/ genes from
barley were analyzed for identification of regulatory elements
for which there is evidence of a functional role in plants
(Schiinmann et al., 2004). Among the promoter regions, a
motif to the putative Pi-responsive P1BS element (nnA-
TATnC, Rubio et al. 2001) was identified to be present in all
HvPhtl promoters for which sequence was available (Phtl; 1,
Phtl;2, Phtl;4, Phtl;5, Phtl;6, and Phtl;7; Schiinmann
et al.,, 2004). These results imply that the PIBS element,
associated with the Pi starvation response (Rubio et al., 2001)
and combined with another Pi-responding motif PHO-like,
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Figure 9 GUS staining analysis of the roots and leaves of control (transformed the empty binary vector) and representative transgenic
plants. A: The histochemical staining of roots and leaves in which the empty binary plasmid integrated. B and C: The GUS activities of
roots and leaves in which the reporter gene GUS was driven by TaPT2-1 promoter under normal Pi supply condition (2 mM) and starved Pi

condition (20 uM), respectively.

may serve a role in responding to low Pi signaling in the
monocot plants. In this study, the PIBS motif was also
identified in the 7aPT2-1 promoter and was speculated to play
roles on regulation of the downstream gene with an
expression pattern of low Pi responding. Previous studies
have also demonstrated that the motifs of ROOTMOTIFTA-
POX1, GATA, and EBOXBNNAPA are potential on
determination of genes to be tissue specific (Hammond
et al., 2003; Franco-Zorrilla et al., 2004). In this study, the cis-
regulatory elements mentioned previously were all identified
in the TaPT2-1 promoter, although the occurrence frequencies
of the elements varied largely. Thus, these cis-regulatory
elements could be involved in determination of the gene with
an expression pattern of root specific. Together, these results
suggested that the transcription regulation of 7aPT2-1 was a
comprehensive result from the actions of various putative cis-
regulatory elements. The functions of the putative elements
need to be elucidated further via analysis of the expression
patterns of GUS or other reporter genes under the control of
deleted TaPT2-1 promoter fragments.

Previous studies clearly demonstrated that part of Pi
transporter genes could improve the plant phosphorus
nutrition under deficient Pi condition. The suspension
tobacco cells ectopically expressing Arabidopsis AtPTI
showed a significant increase on the fresh weight under
deficient Pi supply condition (Mitsukawa et al., 1997). The
rice plants in which OsPT1, a high-affinity Pi transporter gene
was overexpressed, could improve the Pi acquisition and the
plant growth when plants were grown in the limited Pi growth
medium (Seo et al., 2008). With a low Pi-induced and root-
specific expression pattern, 7aPT2-1 could be used as the
potential gene resource on generation of elite wheat and other
crop germplasms with high Pi use efficiency in the future.
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