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Abstract

Background: Salt stress is one of the major abiotic stresses affecting plant growth and productivity. Vacuolar H+-
pyrophosphatase (H*-PPase) genes play an important role in salt stress tolerance in multiple species.

Results: In this study, the promoter from the vacuolar H*-pyrophosphatase from Thellungiella halophila (TsVP1) was
cloned and compared with the AVPT promoter from Arabidopsis thaliana. Sequence analysis indicated that these two
promoters had seven similar motifs at similar positions. To determine which tissues the two promoters are active in,
transgenic plants were produced with expression of the GUS reporter gene under the control of one of the promoters.
In transgenic Arabidopsis with the TsVPT promoter, the GUS reporter gene had strong activity in almost all tissues
except the seeds and the activity was induced in both shoots and roots, especially in the root tips, when treated with
salt stress. Such induction was not found in transgenic Arabidopsis with the AVPT promoter. By analyzing different 5'
deletion mutants of the TsVPT promoter, an 856 bp region (-2200 to -1344) was found to contain enhancer elements
that increased gene expression levels. Two AAATGA motifs, which may be the key elements for the anther specific
expression profile, in the deleted TsVPT promoters (PT2 to PT6) were also identified. A 130 bp region (-667 to -538) was
finally identified as the key sequence for the salt stress response by analyzing the different mutants both with and
without salt stress. GUS transient assay in tobacco leaves suggested the 130 bp region was sufficient for the salt stress
response. Bioinformatic analysis also revealed that there may be novel motifs in this region that are the key elements
for the salt stress responsive activity of the TsVP1 promoter.

Conclusions: The TsVPT promoter had strong activity in almost all tissues except the seeds. In addition, its activity was
induced by salt stress in leaves and roots, especially in root tips. A 130 bp region (-667 to -538) was identified as the key

region for responding to salt stress.

Background
Salt stress is one of the major abiotic stresses for plants in
the world. High concentrations of sodium in soils are del-
eterious to the growth and development of non-halo-
phytes. Global crop production is affected by salinity
stress and this problem is becoming more and more seri-
ous [1,2]. Most of the major crops are salt-sensitive and
irrigation-induced soil salinization causes the lost of large
tracts of agricultural land [3]. It is important to study the
salt-tolerance mechanisms to improve crop plants.
Arabidopsis (Arabidopsis thaliana) has been consid-
ered an excellent model system for determining molecu-
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lar pathways in plants since its genome was sequenced in
2000. In the past ten years it has been used extensively to
investigate salt tolerance in plants [4]. However, as a true
glycophyte, it is difficult for Arabidopsis to survive at
even moderate salinity (~100 mM NaCl). Studying only
Arabidopsis could not provide enough information on
salt-tolerant mechanisms. Thellungiella halophila is a
salt-tolerant close relative of Arabidopsis that has been
considered a model system for studying salt tolerance in
plants [1,5]. Because of the high similarity between these
two species at the cDNA level (>90% nucleotide identity
in cDNA sequences), the resources of Arabidopsis such
as gene and protein information can be used to study 7.
halophila. Furthermore, T halophila shared several
advantages with Arabidopsis. It has a small genome, a
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short life cycle, enough seed production and can easily be
transformed [1,5]. Interestingly, these two species have
obvious differences in stress-tolerance while sharing high
similarity in cDNA sequences. This may due to differ-
ences in the gene regulatory regions between these two
species [4]. Therefore, it is important to study the pro-
moter sequences of T halophila to discover how they dif-
fer from those of Arabidopsis.

Strong constitutive promoters, such as the CaMV 35S
promoter and the maize ubiquitin gene promoter [6,7],
have been widely used in transgenic plants to express for-
eign genes. However, it may be harmful to express a for-
eign gene constitutively in host plants. This may lead to
sterility, delayed development, abnormal morphology,
yield loss, changes in grain composition or transgene
silencing [8-13]. To solve this problem, a strong tissue-
specific or inducible promoter can be used to restrict
gene expression to only the required tissue or at a specific
time. Arabidopsis promoters rd29A and rd29B were
found to response to multiple stresses including high
salinity, drought, cold and ABA [14]. Then with the devel-
opment of cDNA microarray technology and sequencing
of the Arabidopsis genome, many stress inducible genes
were identified in Arabidopsis [15-18]. In addition, a large
number of tissue-specific or inducible genes and their
promoters have been identified from other species [19-
23]. However, there has been no report of a promoter that
responds to salt stress particularly in the root tips.

Vacuolar H*-pyrophosphatase (H*-PPase) genes play
an important role in abiotic-stress tolerance. Transgenic
plants overexpressing the vacuolar H*-pyrophosphatase
gene AVPI from Arabidopsis are much more resistant to
high concentrations of NaCl and to water deprivation
than wild-type strains [24]. Gao et al. cloned a novel H+-
PPase gene named TsVP1 from Thellungiella halophila.
The heterologous expression of TsVPI or AVPI in yeast
mutant enal partly restored its salt tolerance [25]. Heter-
ologous expression of TsVPI in tobacco also improved its
salt tolerance [25]. Although they have a similar function
in salt tolerance, these two genes had different expression
pattern under salinity stress. When treated with 200 mM
NaCl solution, TsVPI expression increased 3-fold in the
aerial roots and 5-fold in the roots during the first 16 h.
But AVPI expression was not changed [25]. Thus, there
must be some differences between the promoter regions
of these two homologous genes.

In this report we cloned and analyzed the promoter
regions of the TsVPI and AVPI genes. In transgenic Ara-
bidopsis, the GUS reporter gene driven by the TsVPI pro-
moter was obviously induced under salt stress, especially
in the root tips. However, the GUS gene driven by the
AVPI promoter was not changed under salt stress. By
analyzing the sequences and a series of deletion mutants,
we identified a 130 bp region from the TsVP1 promoter
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which may be the key sequence for responding to salt
stress.

Results

Cloning the promoters from TsVP1 and AVP1

A pair of primers, PTsVP-UP and PTsVP-DOWN was
designed for primary screening of the Thellungiella halo-
phila genomic library. The PCR products were DIG-
labeled and then used for the subsequent in situ hybrid-
ization. A positive clone containing the upstream
sequence of the TsVPI gene was isolated and sequenced.
The intergenic region between TsVPI and the next
upstream gene was 4467 bp and the fragment beginning
at -2200 bp upstream of the TsVP1 translational initiation
site was taken as the full-length promoter. The genomic
sequences around gene AVP1 were obtained from TAIR.
The intergenic region between AVPI and the next
upstream gene was 4507 bp and the sequence -2200 bp
from the translational initiation site was considered to be
the full-length promoter. This fragment was amplified
from Arabidopsis genomic DNA and sequenced.

Sequence bioinformatics analysis

The regulatory elements in these two promoters were
analyzed using online software PLACE and Plantcare. In
the TsVPI promoter 21 kinds of putative cis-elements
responding to heat, light, drought, MeJA, salicylic acid,
ABA and stress induction were identified (see Additional
file 1a). In the AVPI promoter there were also 21 kinds of
putative cis-elements responding to heat, light, gibberel-
lin, MeJA, salicylic acid, ABA, cold and auxin stimulation
(see Additional file 1b). Although these sequences shared
about 75% similarity, these two promoters contained only
seven similar regulatory elements at similar positions (see
Additional file 1). Reported known high salinity inducible
cis-elements were not found in these two promoters
although TsVPI gene expression was obviously induced
under salt stress.

Construction of promoter-reporter plasmids and plant
transformation

To compare the activities of these two promoters and
determine the key sequences of the TsVPI promoter, a set
of reporter constructs were made by linking various
lengths of the TsVPI regulatory regions to the wuidA
reporter gene encoding [B-glucuronidase (GUS) in the
vector pPCAMBIA1391z (Figure 1a). The full-length AVP1
promoter was also linked to the uidA reporter gene (Fig-
ure 1b). In addition to these constructs, vector
pCAMBIA1304 was used as a positive control while vec-
tor pCAMBIA1391z was used as a negative control.
These promoter constructs were analyzed using an Ara-
bidopsis system since it has high transformation effi-
ciency and there is a large amount of similarity between
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Figure 1 The construction of the promoter-reporter plasmids. a. A set of 5' deleted promoters fused to the GUS reporter gene. A series of 5' de-
letions of the TsVP1 promoter region were transcriptional linked to the GUS reporter gene. The number stands for the nucleotide position from the
translational initiate site, ATG (A as +1). b. The full length AVP1 promoter was linked to the GUS reporter gene.

these two species. It was reported that cloned promoters
usually retain their native expression patterns when
transformed into related species [26]. In addition, Arabi-
dopsis has been extensively used for promoter analysis
from a wide variety of plant species.

Following transformation of these constructs into Ara-
bidopsis, over 12 independent homozigous, single-copy
transformants were obtained and analyzed using GUS
histochemical staining and GUS enzymatic activity quan-
tification for each construct.

Characterization of the full-length TsVP1 promoter activity
in Arabidopsis

Histochemical staining of transgenic plants where GUS
expression was driven by the full-length 75VPI promoter
yielded a whole-plant perspective of the promoter activ-
ity. GUS expression was present in leaves, roots, stems,
flowers and silique pods, but not in the seeds (Figure 2).
In 10-day old Arabidopsis plants, strong GUS expression
was present throughout the whole plant (Figure 2A). In
the flowers, GUS expression was also detected with an
uneven distribution. GUS activity was much higher in the
vascular tissue than in the other parts of the sepals and

petals. In the stamens, GUS activity was more intense in
the anthers than the filaments. In the pistils, GUS stain-
ing was detected mainly in the upper portion, especially
in the stigma (Figure 2B). In the siliques, GUS expression
was present in the pods but not in the inside seeds (Figure
2C, D).

After treatment with 200 mM NaCl for 16 hours, GUS
activity in the 10-day old PT1 transgenic Arabidopsis
plants was observably induced in the roots, especially in
the root tips (Figure 2E, F). Because of the original high
expression levels of this promoter in the leaves, it was dif-
ficult to see a change in expression levels in the leaves just
by staining. To see the full-length 75VPI promoter
expression pattern and to find the exact GUS activity
changes after salt stress, we measured GUS activity in dif-
ferent parts of the plants from transgenic lines PT1 under
normal and salt stress conditions (Figure 3A). GUS activ-
ity was much higher in the roots and leaves than in other
parts of the plants under normal conditions. With salt
stress treatment, GUS activity in the roots and leaves was
induced about threefold, while GUS activity was only
slightly changed in the other parts of the plants (Figure
3A).
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Figure 2 Histochemical staining of transgenic Arabidopsis PT1
and PA1. A.PT1 whole plant; B.PT1 flower; C. PT1 silique; D. PT1 seeds;
E. PT1 root tip without salt stress. F. PT1 root tip with salt stress. G. PA1
whole plant without salt stress; H. PAT whole plant with salt stress. I.
PAT root tip without salt stress. J. PAT root tip with salt stress.

The transgenic lines PA1 in which the GUS gene was
driven by the full-length AVPI promoter was also ana-
lyzed as a comparison. They had strong GUS activity
throughout the whole plants under normal conditions.
This was similar to PT1. But after treatment with salt
stress, no visible induction of PA1l was found by GUS
staining (Figure 2G, H, L, J). This was different from PT1.
For the positive and negative controls, strong GUS activ-
ity was found in the P35S transgenic lines while no GUS
activity was found in 1391Z.

We also measured the GUS activity in different tissues
in PA1 and P35S plants under normal and salt stress con-
ditions in the adult plants (Figure 3A). The result indi-
cated that GUS activity in PA1 and P35S was not induced
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by salt stress. Under normal conditions, PT1 and PA1 had
similar levels of GUS expression to P35S. But after treat-
ment with salt stress, PT1 had a higher level of GUS
activity than PA1 and P35S in the leaves and roots (Figure
3A).

Characterization of the activity from the 5' deleted
promoter fragments in Arabidopsis

To identify the key regions of this promoter, we created
eight 5' deletion mutants as shown in Figure 1. These
constructs were introduced into Arabidopsis and a num-
ber of independent homozigous, single-copy transfor-
mants were obtained each construct.

Transgenic line PT2 lacks the 856 bp region (-2200 to -
1344), and had obviously reduced activity compared to
PT1 (Figure 4A, B). In PT2 plants, GUS activity was
detected mainly in the vascular tissue, especially in leaves
(Figure 4B). In the flowers GUS staining was only found
in the anthers (Figure 4D). For transgenic lines PT3 to
PT6, a similar GUS expression pattern was detected both
in the 10-day old plants and the adult plants. No obvious
differences were found among these lines. PT7 had a sim-
ilar expression level to PT6 except for the anther specific
expression in flowers. In the floral tissue of transgenic
line PT7, anther specific expression of GUS no longer
existed. Instead plants of this line had weak GUS expres-
sion in the vascular parts of sepals and filaments. There
was also weak GUS activity in the upper part of the pistil
(Figure 4E). For PT8 and PT9, there was a similar expres-
sion pattern in the flowers compared with PT7, but
weaker GUS expression in leaves and roots than PT7.
PT8 and PT9 only had basal expression in the vascular
tissue, both in the shoots and roots (Figure 4C). All of the
constructs from PT2 to PT9 had a similar faint staining in
the silique. In the petiole only very weak GUS expression
was present. No visible staining was found in the other
parts of the silique (Figure 4F).

We also measured the GUS activity in different tissues
of PT1 to PT9 plants under normal conditions in the
adult plants (Figure 3B). The result clearly indicated that
PT?2 plants had an obviously reduced activity in all tissues
than PT1. For PT2 to PT7, They had a similar expression
pattern except the flowers. PT7 had a reduced activity in
flowere than PT6. PT8 and PT9 had a lower activity than
PT7, especially in leaves and roots (Figure 3B).

A 130 bp region was identified as the key region for
responding to salt stress

To identify the specific region in the 75VPI promoter
involved in the salt stress response, all the 5' deleted con-
structs were analyzed in transgenic Arabidopsis by GUS
staining both with and without salt stress. After treat-
ment with 200 mM NaCl for 16 hours, transgenic line
PT2 had induced GUS activity in both the leaves and
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Figure 3 GUS enzymatic activity quantification of different parts of transgenic Arabidopsis. A. Expression of the GUS gene was driven by pro-
moters PT1, PAT and P35S under normal and salt stress conditions. B. Expression of the GUS gene was driven by promoters PT1 to PT9 under normal

flower

silique

roots (Figure 5A, B). GUS activity was strongly induced in
the root tips (Figure 5C, D). This was the same as the PT1
transgenic lines where the GUS gene was driven by the
full-length TsVPI1 promoter (Figure 2E, F). In addition,
because the GUS activity in PT2 was much weaker than
PT1 in the leaves, the induction of GUS activity was visi-
ble in the PT2 leaves (Figure 5A, B). As mentioned above,
PT2 and PT7 had similar levels of GUS activity under

normal conditions. When treated with salt stress, these
lines still had similar GUS expression patterns. GUS
activity was obviously induced both in the shoots and
roots in these transgenic lines, especially in the root tips
(data not shown). But this induction disappeared in PT8
(Figure 5E, F), in which the GUS gene was driven by the
promoter region from -537 to -1 relative to the transla-
tional initiate site. There was no salt stress induction of
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Figure 4 Histochemical staining of different transgenic Arabi-
dopsis lines where GUS expression was driven by different frag-
ments of the TsVP1 promoter. A. PT1 10-day old plant; B. PT2 10-day
old plant; C. PT8 10-day old plant; D. a PT2 flower; E a PT7 flower; F.
silique from a PT2 plant.

GUS activity found in PT9 either (data not shown). Com-
paring the promoter regions upstream from the GUS
gene in the constructs PT7 and PT8, PT7 had 130 bp
region (-667 to -538) that was deleted from PT8. This is
the reason why GUS activity was induced by salt-stress in
PT7 but not in PT8.

The 130 bp region was sufficient for the salt stress response
To check if the 130 bp region (-667 to -538) identified in
the TsVPI promoter was sufficient for the salt stress
response, we incorporated this 130 bp region with a min-
imal CaMV35S promoter (-46 to +10) to produce the
promoter of P-130-mini35S and detected its activity
under normal and salt stress conditions by Agrobacte-
rium-mediated GUS transient assay in tobacco leaves
(Figure 6). The P-130-mini35S had a near two-fold activ-
ity in comparison with the minimal CaMV35S promoter
under normal condition. When treated by salt stress, the
activity of the P-130-mini35S increased to about three-
fold level, while the activity of the minimal CaMV35S
promoter was not changed (Figure 6B).

GUS staining of the tobacco leaves was also carried out.
The leaves infiltrated with the minimal CaMV35S::gus
construct had only a very weak staining under both nor-

Figure 5 Histochemical staining of transgenic Arabidopsis lines
PT2 and PT8 under normal and salt stress conditions. A. Whole PT2
plant under normal conditions; B. Whole PT2 plant under salt stress
conditions; C. the roots from a PT2 plant under normal conditions; D.
the roots from a PT2 plant under salt stress treatment; E. whole PT8
plant under normal conditions; F. whole PT8 plant under salt stress
treatment.

mal and salt stress conditions (see additional file 2A, B).
The leaves infiltrated with the P-130-mini35S::gus con-
struct had a higher GUS activity than P-mini35S under
normal condition and its GUS activity was obviously
induced by salt stress (see additional file 2C, D). These
results indicated that the 130 bp region (-667 to -538) was
sufficient for the salt stress response.

The constructs 13917 and P35S were also used in this
experiment as controls. The leaves infiltrated with 13917
had no GUS activity while the leaves infiltrated with P35S
had a very strong GUS activity (see additional file 2E, F).

Bioinformatic analysis of the 130 bp region

The 130 bp region (-667 to -538 relative to the transla-
tional initiate site) was analyzed using bioinformatics.
First we searched for the known motifs present in this
region with the online software PLNATCARE and
PLACE. Four motifs including a G-box, a CGCTA-box, a
box-III and a TC-rich element were found in this region
(Table 1). No reported salt response motif was found in
this region. In addition, although there was a different
expression pattern under salt stress, the promoter
sequences of the TsVPI and AVPI promoters had about
75% similarity. When we compared this sequence to the
related sequence from the AVPI promoter, a 127 bp
region (-631 to -505) in the AVPI promoter was found as
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Figure 6 GUS transient assay in tobacco leaves. A. Fusion constructs used in the transient assay: (a), the control construct P-mini35S in which the
GUS gene was driven by the mini 35S (-46 to +10) promoter. (b), the test construct P-130-mini35S in which the 130 bp region (-667 to -538) identified
in the TsVPT promoter was fused to the mini 35S promoter to drive the GUS reporter gene. B. GUS activities resulting from the transient transformation
with constructs P-mini35S and P-130-mini35S under both normal and salt stress conditions.

the corresponding sequence to the identified 130 bp
region in the TsVPI promoter (Figure 7). Motif searching
revealed that there was only one motif, a TCA-element
functioning in the salicylic acid response in this 127 bp
region in AVPI promoter. Interestingly, none of the four
motifs found in the 130 bp region from the TsVPI pro-
moter was present in the 127 bp region from the AVPI
promoter. This result again demonstrated that there were
differences between these two promoters.

Discussion

Previous studies have shown that Arabidopsis contains
most, if not all of the salt tolerance genes one might find
in halophytes. It was hypothesized that the large varia-
tions in salt tolerance or sensitivity among Arabidopsis
and other halophytes was because of subtle differences in
gene regulation [1]. In our previous work, it was discov-
ered that TsVPI and AVPI have different expression pat-
terns under salt stress, although they have similar
functions in salt-tolerance both in yeast and tobacco [25].
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Cis-elements name

Sequence and position in the TsVPT promoter

Putative function

G-box
CGCTA-box
box-lI

TC-rich element

-664 CAATTATTG -654
-636 TGACG -632
-603 CATATACACT -594
-586 GTAAGAATAC-576

light response
MeJA response
protein binding site

defense and stress response

To investigate the reason, we cloned and analyzed the
promoters of these two genes. To our surprise, these two
promoter sequences shared about 75% sequence similar-
ity (data not shown). We then did bioinformatic analysis
of these two promoters. As we expected, the cis-acting
motifs present in these two promoters were not similar.
They only shared seven identical regulatory elements at
similar positions (see Additional file 1). Our results indi-
cated that there were certain differences between these
two genes in their regulation.

To study these two promoters in detail, we constructed
promoter-reporter vectors and transformed Arabidopsis.
All the transgenic plants were analyzed to understand the
expression patterns of different promoter fragments. For
the full-length T5VPI promoter, the activity was as strong
as the well known promoter CaMV 35S under normal
conditions. After under salt stress, this promoter had
even stronger activity in the roots and leaves (Figure 3A).

In Figure 3A we can see that PT1, PA1 and P35S all
caused stronger activity in roots and leaves than in other
parts of the plant. This indicated that PT1 and PA1 had
full-length promoter activity and also suggested that the
constitutive promoter CaMV 35S had different activity in
different tissues. Some previous work also found that the
widely used promoter CaMV 35S produced different lev-
els of activity in different stages or different organs
[27,28]. PT1 and PA1 had similar expression patterns in

the absence of salt stress, but after salt stress, PT1 had
obviously induced activity in the roots and leaves. This
was consistent with our previous work [25].

Along with the development of plant genetic engineer-
ing, transgenic safety was also seriously considered. For
most crops, the seeds are the final product that we use.
Thus, it is important to protect the seeds from potential
contaminating foreign genes. In our work we found that
promoter PT1 had strong activity in almost every tissue
except the seeds. This would be useful for its application
in crop genetic engineering.

In the 5' deleted mutants, PT2 lacked a 856 bp region (-
2200 to -1344), and had obviously reduced activity com-
pared to PT1. We would expect one or more enhancers to
be present in the -2200 to -1344 region. Bioinformatic
analysis identified 16 putative cis-elements in this region
(see Additional file 1). These elements included nine light
responsive elements (an ACE, an AE-box, an AAAC-
motif, a G-box, a box4, a box1, a GT1-motif and two SP1
elements), two protein binding sites (AT-rich element), a
motif named HD-Zipl associated with palisade meso-
phyll cells, an anaerobic induction responding element
ARE, a drought responsive element MBS, a ABA respon-
sive site ABRE and a heat stress responsive element HSE.
No reported enhancer was detected in this region. Fur-
ther study of this region is important to identify the mini-
mum enhancer region.

* kR * k¥ dededk % ek

EBI tool Clustalw2.

1 GCACACACATTGAATCCCTCATTGAARATTATGACGAGCTGA
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Figure 7 Comparing of the identified 130 bp region in TsVP1 promoter to the corresponding sequence from the AVP1 promoter using the
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In addition, PT2 showed an anther specific pattern of
expression in the flowers. This expression pattern was
also detected in deletion mutants PT3 to PT6 but not in
PT7 to PT9. Mitsuda et al. had studied the AVPI pro-
moter in detail and also found its pollen specific profile
[29]. They identified a 25 bp region within which there
was an AAATGA sequence motif that had been identified
in the regulatory region of the pollen-specific tobacco
NTP303 gene [30]. In the TsVPI promoter, two AAATGA
sequence motifs were also found at the position -830 to -
825 and -700 to -695. Both of these two positions was
located in the promoter regions of deletion mutants PT2
to PT5, but only one AAATGA motif was present in the
promoter region of PT6. There were no AAATGA motifs
in PT7 to PT9. This result indicated that the AAATGA
motif may be the key sequence for the anther specific
expression pattern in flowers and only one AAATGA
motif could drive the expression profile. There should be
some other elements in the -2200 to -1344 region to drive
the gene expression in other parts of the flower, so the
PT1 plants did not have an anther specific expression
profile in the flowers.

GUS expression was induced in both the leaves and the
roots in PT1 under salt stress conditions. It was very
interesting that the induction in the root tips was so
intense (Figure 2E, F). Root tips are important parts of
plants. They are the main regions for water and mineral
uptake and gas exchange. Changing the gene expression
levels in the root tips seems a meaningful way to engineer
plants. Many stress inducible genes and their promoters
have been identified [15-18]. In addition, some root spe-
cific promoters were also identified. Vijaybhaskar et al.
identified a root-specific promoter from a glycosyltrans-
ferase gene of Arabidopsis [21]. Simon et al. identified a
near root specific gene FauRB7 from strawberries and ana-
lyzed its promoter activity [31]. Schunmann et al. identi-
fied a promoter region controlling the root expression
and phosphate deprivation response [20]. Kobayashi et al.
identified two novel cis-acting elements, IDE1 and IDE2,
from the barley IDS2 gene promoter, which confer iron-
deficiency-inducible, root-specific expression in hetero-
geneous tobacco plants [19]. However, no promoter has
been reported that was obviously induced in the root tips
by salt stress. In this work we first report that the 7sVP1
promoter can produce significant gene expression induc-
tion in the root tips by salt stress. This may supply new
material for the genetic improvement of crops.

Analysis of the 5' deleted mutants under salt stress con-
ditions revealed a 130 bp sequence (-667 to -538) in the
TsVP1 promoter that may be the key region for respond-
ing to salinity. Agrobacterium-mediated GUS transient
assay in tobacco leaves suggested that this 130 bp region
was sufficient for the salt stress response. There were four
cis-elements present in this region (Table 1). A G-box is a
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well-studied element that functions in the light response.
The CGCTA-box was reported to be involved in MeJA-
responsiveness. The Box-III was identified as a protein
binding site and the TC-rich repeats may respond for
defense and stress. It is possible that the TC-rich repeats
may play a crucial role in this region because of their abil-
ity to respond for defense and stress [32]. This region may
also contain a new element that is crucial for salt
responding. Further research on this region, such as iden-
tifying the minimal key element in this region and the
protein which plays an important role in the regulation of
this promoter will be meaningful to reveal the salt-toler-
ant mechanism of Thellungiella halophila.

Conclusions

In this study we cloned and analyzed the promoter of the
salt inducible gene TsVPI from Thellungiella halophila. It
has as strong activity as the well-used promoter CaMV
35S in leaves, roots, stems and flowers. But no promoter
activity was detected in the seeds. This was exciting for
its application in crop engineering.

As we predicted, the activity of the TsVPI promoter
was obviously induced by salt stress while the AVPI pro-
moter was not. This indicated that there was difference in
gene regulation between these two genes. And we also
found that the induction of the TsVP1 promoter activity
in roots was mainly in the root tips. Thinking of the
important roles the root tips play, this result showed that
it was meaningful to use the TsVPI promoter in crop
engineering. By analysis of different 5' deleted mutant, a
130 bp sequence (-667 to -538) of TsVP1 promoter was
identified which may be the key region for its salt respon-
sive ability. GUS transient analysis revealed that the 130
bp region was sufficient for the salt stress response. Bio-
informatic analysis revealed that there may be novel
motifs responding to salt stress exist in this region.

Methods

Isolation of promoter sequences

A genomic library from Thellungiella halophila was con-
structed following the protocols of the ABlueSTARTM
Xhol Half-site Arms Kit plus PhageMaker’ KIT (Merck,
Germany). To obtain the TsVPI promoter sequence, a
pair of primers, PTsVP-UP (5'-gtggcgtcggcegtttctte-3') and
PTsVP-DOWN (5'-cttggcgacgacactctge-3'), were
designed based on the cDNA sequence of TsVPI and
were used for the primary screening of this library. The
DNA fragment amplified by PCR with these primers was
then labeled using a DIG-High Prime kit (Roche Inc.) and
the product was used for a secondary screening of the
genomic library by phage in situ hybridization. Several
clones that were positive for the TsVPI promoter were
isolated and sequenced. The orthologous gene of TsVP1
in Arabidopsis is AVPI (AT1G15690). Its promoter frag-
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ment was obtained by PCR with a pair of primers named
PAVP1-sense (5'-aataaatatctgacactgaact-3') and PAVP1-
antisense (5'-cttctctcctecgtataagaga3') using Arabidopsis
genomic DNA as template based on the public sequence

from TAIR http://www.arabidopsis.org.

Bioinformatic analysis of the promoter sequences

The upstream 2200 bp regions of these two genes were
considered to contain the full length promoters. Regula-
tory elements in these regions were analyzed using the
online program PLACE (a database of plant cis-acting
regulatory DNA elements) and Plantcare (a database of
plant cis-acting regulatory elements, enhancers and
repressors). These two programs are available at http://
www.dna.affrc.go.jp/PLACE/[33] and http://bioinformat-
ics.psb.ugent.be/webtools/plantcare/html/[34], respec-
tively.

Construction of the promoter-reporter plasmids

Nine DNA fragments containing different 5'-deleted
series of the TsVPI promoter region [-2208, -1344, -1187,
-1037, -905, -787, -667, -537 and -327 bp to -1, (the trans-
lation initiation site was designated as "+1")] were ampli-
fied by PCR with the appropriate forward (T1F, T2F, T3F,
T4F, T5F, T6F, T7F, T8F, T9F) and reverse primers
(PTsVPI1R) that contained a BamHI site at the 5' end of
each primer. The amplified products were sequenced by
Biosune Company (Biosune, Beijing, China). Then these
confirmed fragments were cloned into the BamHI site
located before the gus reporter gene [35] in vector
pCAMBIA1391Z (Cambia, Australia). The resulting plas-
mids were named PT1, PT2, PT3, PT4, PT5, PT6, PT7,
PT8 and PT9, respectively.

The full-length AVP1 promoter was also amplified by
PCR with primers PAF and PAR, sequenced and then
cloned into the BamHI site in vector pPCAMBIA13917Z.
The recombined plasmid was named PA1. In addition to
these constructs, a vector named pCAMBIA1304 con-
taining the CaMV35S promoter upstream from the uidA
reporter gene was used as a positive control, while the
vector pPCAMBIA1391z with no promoter upstream from
the uidA reporter gene was used as a negative control.

The following primers were used:

T1F (5'-aatggatccttttccccaagatttgeta-3), T2F (5'-attg-
gatccattggagggttgcac-3'), T3F (5'-tacggatcctgtgeaccttatct-
tgtaca-3'), T4F (5'-aacggatcctcaagttgcgaaagtactgt-3'), T5F
(5'-ttcggatccagatatcaatccgcacatg-3'), T6F (5'-tgtggatc-
ctaatacacatggtttgttg-3'), T7F (5'-tgaggatccgcacacacatt-
gaatcccte-3'), T8F (5'-ggaggatcctaagattcacctaattaatt-3'),
TOF (5'-tgtggatcctgtctgataactatcggt-3'), PTsVPIR (5'-
tggggatcectctectecgaatagagaaa-3'), PAF  (5'-aatggatccct-
gacactgaactaaatcga-3'), PAR (5'-tgaggatcccttctctecteeg-
tataaga-3').
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Plant culture and transformation

Arabidopsis thaliana ecotype Columbia (Col) were grown
in a phytotron under the conditions of 22/16°C day/night
temperatures, cool white light at a intensity of 8000 lux,
16 h/8 h light/dark cycle, 75% humidity. The recombinant
plasmids were introduced into A. tumefaciens strain
GV3101 and then transformed into Arabidopsis using the
flower dipping method [36]. Transformants were selected
by plating seeds on MS plates containing 20 mg/I hygro-
mycin B. The positive transformants were confirmed by
PCR using primers HPT-F (5'-cttctgcgggcgatttgtgt-3')
and HPT-R (5'-ttcgatgtaggagggcgtgga-3') designed specif-
ically for the hygromycin resistance gene in this vector.
The homozygous transgenic plants were confirmed by
genetic analysis of the segregation ratio of later genera-
tions. The copy number of transgenes was analyzed using
the method described by Kihara T et al. [37].

GUS histochemical and fluorometric analysis

GUS histochemical staining was performed using identi-
fied homozygous, single-copy transgenic plants and the
method described originally by Jefferson [35] with a little
modification. In brief, the plant tissues were incubated at
37°C overnight in a 100 mM sodium phosphate buffer
(pH 7.0) containing 0.1% Triton X-100, 10 mM EDTA, 1
mM X-gluc and 0.5 mM potassium ferricyanide. The
stained tissues were then washed several times with 70%
ethanol to bleach the chlorophyll. Quantitative assays
were performed with 4-MUG as the substrate. Plant tis-
sues were harvested and homogenized in a 50 mM
sodium phosphate lysis buffer (pH 7.0) containing 0.1%
Triton X-100, 0.1% sodium lauroyl sarcisine, 10 mM
EDTA and 10 mM p-mercaptoethanol. After centrifuga-
tion at 5000 x g for 10 min, the GUS activity was assayed
using the resultant supernatant at 37°C in lysis buffer
containing 1 mM 4-MUG. The reaction was terminated
by adding 200 mM Na,CO; to a final concentration of 160
mM. Fluorescence was quantified using a FLUOstar Gal-
axy multi-well plate reader with the excitation and the
emission filters set at 365 nm and 455 nm, respectively.
The protein concentration was determined as described
by Bradford [38].

Agrobacterium-mediated GUS transient assay in tobacco
leaves

For construction of the reporter vectors, the minimal 35S
(-46 to +10) promoter was amplified by PCR with the
primers P-35s-up (aatggatccaagtctcaatagcccttt) and P-
35S-down (tgagaattccgtattggctagagcage). The amplified
products were sequenced by Biosune Company (Biosune,
Beijing, China) and then these confirmed fragments were
cloned into the BamHI-EcoRI sites located before the gus
reporter gene in vector pCAMBIA1391Z (Cambia, Aus-
tralia). This construct was named P-mini35S. The 130 bp
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region of the TsVP1 promoter (-667 to -538) was also
amplified by PCR using the primers P130-up (atcaagcttg-
cacacacattgaatccc) and P130-down (cctggatcctgcttat ccat-
ggtatat) and then confirmed by sequencing. These
fragments were then inserted into the upstream of the
mimi-35S promoter in the P-mini35S construction by
using sites for HindlIll and BamHI, and named P-130-
mini35S. These plasmids were then introduced into the
Agrobacterium tumefaciens strain EHA 105. Agrobacte-
rium-mediated transient assay was performed on the
leaves of 6-week-old tobacco plants as described previ-
ously [39,40]. Briefly, Agrobacterium cultures were col-
lected by centrifugation at 5000 g and resuspended in the
transformation buffer (10 mm MES, pH 5.6, 10 mm
MgSO4, 100 pm acetosyringone) to an ODg, of 0.8. The
leaves of 6-week-old tobacco plants were used for infiltra-
tion. The surface of leaves was slightly wounded before
infiltration to increase the transformation efficiency. The
infiltrated materials were maintained at 22°C in dark for 2
days. For salt stress the materials were treated with 200
mM NacCl for 16 h. Finally the infiltrated leaves of each
construct both with and without salt-stress were col-
lected for GUS activity measurement.

Additional material

Additional file 1 (Cis-elements analysis of the promoter sequences of
the TsVP1 and AVP1) 27K. Cis-elements analysis of the promoter
sequences of the TsVPT (a) and AVPT (b). The words in red were the putative
elements sequence and the words below were the description of corre-
sponding elements. The description of the seven cis-elements existing
both in the TsVP 1and AVPT promoters with similar position were set in blue.
Additional file 2 (GUS staining of tobacco leaves in the Agrobacte-
rium-mediated transient assay with different constructs) 60K. GUS
staining of tobacco leaves in the Agrobacterium-mediated transient assay
with different constructs. A. P-mini35S under normal condition; B. P-
mini35S under salt stress condition;C. P-130-mini35S under normal condi-
tion; D. P-130-mini35S under salt stress condition; E. 1391Z under normal
condition; F. P35S under normal condition.
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