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Abstract

Background: Plasma membrane Ca?*ATPase is a transport protein in the plasma membrane of cells and helps in removal of
calcium (Ca®*) from the cell, hence regulating Ca®" level within cells. Though plant Ca**ATPases have been shown to be
involved in plant stress responses but their promoter regions have not been well studied.

Results: The 1478 bp promoter sequence of rice plasma membrane Ca?*ATPase contains cis-acting elements responsive to
stresses and plant hormones. To identify the functional region, serial deletions of the promoter were fused with the GUS
sequence and four constructs were obtained. These were differentially activated under NaCl, PEG cold, methyl viologen,
abscisic acid and methyl jasmonate treatments. We demonstrated that the rice plasma membrane Ca>*ATPase promoter is
responsible for vascular-specific and multiple stress-inducible gene expression. Only full-length promoter showed specific
GUS expression under stress conditions in floral parts. High GUS activity was observed in roots with all the promoter
constructs. The —1478 to —886 bp flanking region responded well upon treatment with salt and drought. Only the full-
length promoter presented cold-induced GUS expression in leaves, while in shoots slight expression was observed for
—1210 and —886 bp flanking region. The —1210 bp deletion significantly responded to exogenous methyl viologen and
abscisic acid induction. The —1210 and —886 bp flanking region resulted in increased GUS activity in leaves under methyl
jasmonate treatments, whereas in shoots the —886 bp and —519 bp deletion gave higher expression. Salicylic acid failed to
induce GUS activities in leaves for all the constructs.

Conclusions: The rice plasma membrane Ca®"ATPase promoter is a reproductive organ-specific as well as vascular-specific.
This promoter contains drought, salt, cold, methyl viologen, abscisic acid and methyl jasmonate related cis-elements, which
regulated gene expression. Overall, the tissue-specificity and inducible nature of this promoter could grant wide

applicability in plant biotechnology.
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Introduction

Abiotic stress (drought, salt, cold, high and low temperature,
water deficiency or excess) is the most harmful factor for growth
and productivity in crops worldwide. These problems increase
consistently due to climate change. Many researchers have
obtained transgenic plants with improved stress tolerance by
overexpressing genes with stress-protecting functions [1]. Howev-
er, in some cases, the transgenic plants display undesirable side
effects, such as low yield [2], delayed growth [3], and dwarfism [4].
These phenotypes might be due to transgene ectopic expression.
To avoid such a problem, tissue-specific or stress-inducible
promoters and their upstream regulatory elements need to be
studied extensively. During abiotic stress a signal transduction

pathway starts with signal perception, followed by generation of

. 2+ . .
second messenger like Ca®* ion. Second messengers are involved
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in phosphorylation cascade which ultimately leads to activation of
transcription factors controlling sets of stress regulated genes.

As a second messenger of paramount significance, Ca®" is
required in almost all the stages of plant growth and development,
playing a fundamental role in regulating polar growth and
participating in plant adaptation to various stress factors [3].
Under stress conditions, Ca®" plays crucial roles in plant
membrane stability, cell wall stabilization, and cell integrity [6].
It also acts as sensor of multiple and variable environmental
signals, resulting in widely mediated stimulus-response coupling by
modulation of cytosolic free Ca”" [7-10], which in turn is
modulated by calcium/calmodulin  mediated proteins (Ca®*/
CaM). It has been well evidenced that various environmental
conditions and hormone signal molecules as light stress, low
temperatures, salt, alkali, gibberellins, or abscisic acid (ABA) can
trigger alteration of cytosolic Ca®" concentrations, leading to
different plant adaptation responses [11,12]. Plant Ca®*ATPases
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are members of p-type ATPase superfamily involved in the
restoration and maintenance of ion homeostasis by pumping
calcium ions out of the cytosol in all eukaryotic cells. Plant p-type
Ca®"ATPases have been divided into two groups, type IIA and
IIB. The latter contains an N-terminal autoinhibitory domain that
binds to calmodulin and activates the Ca®*pump [13].

The central role in calcium signalling seems to be played by
Ca**ATPases and the expression levels of different plant
Ca®*ATPase genes (Arabidopsis Ca®* ATPase 4, Soybean Ca®*ATPase
1, Lycopersicon Ca**ATPase 1 and Physcomitrella Ca**ATPase 1) were
shown to be up-regulated under salinity stress, [14-17]. In
Arabidopsis ACAs, type 1IB Ca®*ATPases, may be involved in
eytosolic Ca” signal shaping in response to several stresses. For
example, AtACA8 was found to be up-regulated, whereas AtACA10
was down-regulated in response to cold stress [18]. Under low
temperature (2°C) stress, the activity and stability of Ca®*ATPase
plays key functions in the development of cold resistance in winter
wheat [19]. Earlier, it is suggested that CR-4, a cold-resistant
agent (introduced by Plant Research Institute of Chinese Academy
of Sciences), plays a momentous role in stabilizing plasma
membrane Ca”*ATPase under low temperature stress, indicating
that the Ca®*ATPase activity was mainly localized at the plasma
membrane in wheat seedling cells growing at normal temperatures
[20]. Type IIB Ca**ATPases present Ca®*/CaM binding regions,
contributing to ABA-induced drought signal transferring under
PEG stress, since ABA synthesis was related with cytoplasmic Ca**
concentrations [21]. It was reported that ABA triggers an increase
in cytosolic Ca™ in guard cells, including Ca®" influx across the
plasma membrane [22]. In Arabidopsis, the expression of ACA8 and
ACAY genes might be stimulated by ABA, suggesting for an
indirect role of plant Ca®*ATPases in stress signalling [23].
Previously it was shown that Ca®*/CaM messenger system was
involved in controlling stress resistance in rice seedling, blocking
messenger transduction, drought resistance, salt resistance and
decreasing chilling resistance [24]. It was also indicated that Ca®*
treatment increased protection against membrane lipid peroxida-
tion and membrane stability and therefore resulted in the increase
of drought resistance in rice seedlings [25]. In wheat, Ca®*
appeared to reduce the devastating effects of stress by elevating the
content of proline and glycine betaine, thus improving the water
status and growth and minimizing the injury to membranes [26].
Above-mentioned results showed that Ca®" plays important roles
in plant responses to drought resistance. Previously, Romani [27]
showed that low concentration of Eosin Yellow (type IIB
Ca®*ATPase inhibitor) prevented both the increase in Ca** efflux
and the transient reactive oxygen species (ROS) accumulation in
FEgeria densa in response to ABA treatment. This result was
explained by assuming an important role of PMCa®"ATPase in
switching off the signal triggering ROS production. Another
report from the same group implicated PMCa**ATPase activation
in plant adaptation to osmotic stress [28]. Plant Ca®"ATPasc not
only regulates plant development and abiotic stresses, but also
protects plant from pathogens by activating salicylic acid (SA)-
mediated programmed cell death (PCD) pathways [29]. These
results provide the evidence for the importance of Ca?*ATPases in
shaping cytosolic Ca”" signatures under abiotic and biotic stresses.

Considering the key role played by Ca”"ATPases in the plant
ability to tolerate abiotic stress, it is desirable and feasible to exploit
stress-inducible promoters to drive the expression of relevant
transgenes. In this study, we isolated and analyzed a stress
inducible promoter OsPMCa?*ATPase from rice and investigated
it with regards to tissue specific expression pattern and relative
expression activities, using transgenic analysis in tobacco under
different stresses. We also identified the shortest promoter region
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by making random deletion and found promoter regions sufficient
for tissue specific expression and stress induced expression activity.
This promoter drives high levels of transgene expression under
abiotic stress conditions and will be useful for the development of
stress tolerant transgenic plants.

Materials and Methods

Analysis of Promoter Sequences

DNA sequences were analysed by using DNAMAN software,
while PLANT CARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/, 29) and PLACE (http://www.dna.
affrc.go.jp/PLACE/, 30) were used to determine the cis-acting
regulatory clements and to analyze the OsPMCa®"ATPase
promoter sequences (http://rice.plantbiology.msu.edu).

Amplification of OsPMCa®*ATPase and Construction of
Chimeric Promoter

Genomic DNA was extracted from leaves of Oryza satiwa (Var.
IR 64) by CTAB method and used as template for PCR
amplification of OsPMCa?*ATPase promoter. Sequences of
DNA adaptors and primers used for promoter amplification are
provided in Table S1. Deletions were made at the 5'-upstream
end, based on the distribution of structural and expressional
elements of the known OsPMCa?*ATPase promoter sequence. To
construct the various promoter deletions of OsPMCa®"ATPase
promoter with GUS fusion products, a PCR series was carried out
with four primer pairs, F/RS, D1/RS, D2/RS and D3/RS (Table
S1), respectively. The amplified fragments were then cloned into
pGEMTeasy vector. Four different promoter deletions were
released by BamHI and HindIII digestion and then cloned in
pCAMBIA-13917 (promoter less vector) in the same restriction
site. Four expression vectors containing various promoter deletions
of OsPMCa?*ATPase promoter were individually obtained and
designated full-length (F), D1, D2, and D3. In addition, the
CaMV35S promoter was used as positive control and wild-type
tobacco as negative control, in order to determine OsPMCa**AT-
Pase promoter activity.

Tobacco Transformation and PCR Analysis

Tobacco (Nicotiana tabacum cv. Xanthi) leaf discs were trans-
formed using a standard procedure as described earlier [30] with
Agrobacterium tumefaciens (LBA4404) containing promoter-GUS (B-
glucuronidase) fusion constructs in pCAMBIA-13917Z. Primary
transgenic explants were grown in tissue culture chamber at 26°C
under a 16 h light/8 h dark cycle. The transgenic plants were
screened for integration of the intact promoter-GUS chimeric
gene into the genome by PCR. PCR products were analysed on
1% (w/v) agarose gel. Total genome DNA was isolated from
leaves of hygromycin resistant tobacco plants using the CTAB
method. PCR analysis was carried out using F/RS, D1/RS, D2/
RS and D3/RS primers, hygromycin specific primers and GUS
specific primer pair (Table S1).

Abiotic Stresses and Hormone-induced Treatments in

Transgenic Tobacco

Transgenic tobacco plants were grown in greenhouse at 24—
26°Cl. Two months old plants were used for induction of stress
treatments. Salt, drought, cold, abcisic acid ABA, SA, methyl
jasmonate (MeJA) and methyl viologen (MV) treatments were
chosen. Flowers, stems, leaves and roots of transgenic tobacco

were cut into pieces and subjected to soaking in Petri dishes filled
with 200 mM NaCl, 20% PEG, 100 uM ABA, 2 mM SA,
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200 pM MeJA and 100 uM MV solution or sterilized water, for
24 h at room temperature. For cold stress, tissues were incubated
at 4°C for 48 h. Tissues in absence of stress were used as control.
All the above treatments were carried out under a growth regime
of 16 h light/8 h dark at 20=1°C unless otherwise mentioned.

Histochemical GUS Staining

Leaves, shoots, roots and flowers were vacuum infiltrated for
I h in the GUS reaction mixture containing 2 mM 5-bromo-4-
chloro-3-indolyl- B-D-glucuronide (X-Gluc) and 100 mM sodium
phosphate buffer as described by Jefferson [31], and incubated at
37°C overnight. The reaction was stopped by adding 75%
ethanol, and the pigments and chlorophylls were removed by
repeated ethanol washing. In addition, roots, leaf sheaths and
stalks were sectioned manually with a razorblade and the sections
stained with X-Gluc as described by Jefferson [31]. The images of
blue-coloured whole plants were pictured by a Sony Cyber-shot
camera. The GUS-positive plant tissues were examined with
NIKON AZ 100 microscope at a low magnification and NIKON
digital SIGHT DS-Ri lcamera and images was analyzed by NIS-
Elements AR software. GUS-stained tissues and plants in the
present paper represent the typical results of at least three
independent transgenic lines for each construct.

Protein Extraction and GUS Fluorometric Analysis

The behavior of OsPMCa®*ATPase promoter induced by
various stresses was studied using transgenic tobacco seedlings.
Fluorometric analysis of GUS activity was performed using 4-
methylumbelliferyl-b-glucuronide (4-MUG). The extracted pro-
teins were mixed with GUS assay buffer (2 mM 4-MUG, 50 mM
sodium phosphate buffer pH 7.0, 10 mM B-mercaptoethanol,
10 mM Na,EDTA, 0.1% sodium lauroyl sarcosine, and 0.1%
Triton X-100). The addition of the stop buffer (0.2 M NayCOs)
halted the reaction. Next, 4-MUG was hydrolyzed by GUS to
produce 4-methylumbelliferone fluorochrome (4-MU). GUS
activity was determined in triplicate with a microplate spectroflu-
orometer (1420 Multilabel counter, Perkin Elmer, Finland). The
excitation wavelength was 365 nm and the emission wavelength
455 nm. Protein concentration was determined using Bradford
assay, according to the manufacturer’s instructions.

Results

Isolation of the OsPMCa?"ATPase Promoter from Rice

and Cis-elements Analysis

Based on the annotation of rice genome, the —1478 bp
fragment of OsPMCa”*ATPase promoter was isolated from Oryza
sativa genomic DNA using the OsPMCa**ATPase specific primer
sets (Table S1). The —1478 bp PCR product was cloned into
vector pPCAMBIA 13917, a promoter less vector, in order to use it
for tobacco plant transformation. Successful insertion was
confirmed by sequencing. In order to identify the cis-acting
elements involved in the response to various stress condition we
analysed the activity of cis element using PLACE and PLANT-
CARE databases (Figure 1). The 1478 bp promoter region
upstream of the OsPMCa?*ATPase start codon contains various
putative cis-elements and we analyzed only cis-elements in boxes
known to be related to abiotic stress and hormone signalling
(Figure 1). Predicted cis-clements present in OsPMCa?*ATPase
promoter using database analysis was shown to harbour multiple
stress cis-acting elements (Table 1). Six homologue sequences of
the pathogenesis- and salt-related cis-acting  element
GT1GMSCAM4 (GAAAAA) were evidenced. One homologue
sequence of GAREAT (TAACAAR), an abundant sequence
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upstream of GA-induced genes in Arabidopsis [32], was present in
rice. Two homologue sequences of WBOXATNPR1 (TTGAC)
were also detected. Two homologue sequences of WBOXH-
VISO1 (TGACT), which mainly participates in sugar signal
transduction [33], were found. In addition, light-responsive
elements such as I-BOX (GATTA), GT1 (GRWAAW) and
GATABOX (GATA) were present. Only two homologue
sequences of ABRERATCAL (MACGYGB) element, a calcium
responsive cis-clement were discovered. ABRE is a cis element that
involved in transcriptional activation in response to cytosolic Ca**
transients. A recent transcriptomic analysis revealed that out of
230 calcium-responsive genes, 162 upregulated genes is contained
ABRE cis element of their upstream regions [34]. Various
elements responsible for ABA, drought, cold, dehydration and
low temperature were individuated. The analysis showed that most
clements present in OsPMCa**ATPase promoter were mainly
environmental or hormone-responsive motifs. In conclusion, it can
be predicted that OsPMCa®**ATPase promoter could be an
inducible promoter, regulated by multiple abiotic factors and
hormones.

Transgenic Tobacco Plants Harboring OsPMCa**ATPase
Promoter were Generated

To identify the regions of OsPMCa**ATPase promoter which
are active in the response to different abiotic stress, serial deletions
were created (Figure 2A). Deletions, beginning at positions —1210,
—886, —519 along with the intact promoter fragment extending to
position —1478 (Figure 2B) were fused with GUS sequence and
separately transferred into tobacco by Agrobacterium mediated leaf-
disk transformation. The promoter region (full-length and their
deletions, D1, D2 and D3) was cloned at HindIII and BamHI sites
of promoter less vector, pPCAMBIA1391Z (Figure 2C). Transgenic
tobacco lines containing full-length promoter, D1, D2, D3
deletions and CaMV35S-GUS were obtained. In case of full-
length promoter six positive lines were obtained while D1, D2 and
D3 deletions gave seven, eight and five respectively (Figure S1).
Three independent hygromycin resistant PCR-positive transgenic
tobacco plants were chosen from each group for further analysis.

Fluorometric Quantification and Expression of GUS
Activity in Transgenic Tobacco

In order to evaluate the GUS activity in the transgenic tobacco
lines harboring full-length promoter along with promoter
deletions, a fluorimetric assay was used. As a first analysis, the
expression of OsPMCa**ATPase promoter and deletions was
assessed in transgenic tobacco leaves, stems and roots under
normal conditions. Results are showed in Figure. 3A. In general,
the GUS-specific signal was very high in roots (~3 fold increase)
and stems (~2 fold increase) as compare to leaves. As expected,
the full-length promoter segment presented the highest GUS
activity when compared with deletions. However, it expression was
lower than the positive control CaMV35S promoter in all tested
tissues. Results of the GUS assay showed that removing the
—519 bp significantly affected quantitative behaviour; GUS
activity decreased sharply with —519 bp deletion (Figure 3A).
This might be due to the —519 bp deletion contain an enhancer-
like cis-element. The fluorescence quantification data correlated
with the histochemical staining results. Together with the GUS
staining results, we demonstrated that the deletion sequence were
required for both tissue specificity and quantitative behaviour.

To identify the expression profiles of transgenic plants driven by
the four OsPMCa**ATPase promoter deletions, tobacco plants
were subjected to histochemical staining. Results are shown in

March 2013 | Volume 8 | Issue 3 | e57803



-1510 CGTGCTTGCA

-1440 TTGGATTATT

-1370 ACGCTATTGT

-1300 AAGCCCACAC

-1230 CCTTTTTTTT

-1160 CCCTACATTC

-1090 TGTGTCTAGA

-1020 TTCEGTCCARA

-950 ATACCATGTT

-880 CTTTATGCCA

TGTCACTTTT

TAAAATCTCA

ATCATAAAAT

ACGGTATTTG

TTGCCTTTTT

CAAATATAAG

TTCATTGTAC

ATCACTTATA

TATGGGTCCA

AGGACTAAGC

TCGAFAATTC

GACAGCTTTC

TGATATTCAC

AGGACTATAT

Functional Analysis of Rice PMCa2+ATPase Promoter

TAAACCAAAT G.

1 3

TTAATTTG GAGAACTTGT

TGAGCCTGAA GCGAAACTTC GCA TTAGCTATTC

5

GTTTICGTTA CATCGTTCAC GTAACAAGAT CAATCCTACA

1
CTAGCTAGCT

TCCTGTAGTT

ACTCCTCTGC

AAAATTAGCT

GTATTTTGAT

TAATCTGGAC

TTTTAGGACG

ThaRACHAYG

AAAAJTAATA

1
AAAGAAACAC

-810 TTTTTTGATA
-740 ACAAATCAAA

-670 TGGACAATTT

-600 [gaaaTdarcc

3

-530 TTTTAATGAC
-460 AATTTTGTTG
-390 ACAAAGAACA
-320 CAAAAATCTT
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TreACTTTTG [cARAARrATT
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TATA box
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CAACTCGAAG
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AATACTCGGG
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AGGCTTTCCT AATATTTAAC
TTTTTTACAG CATTACTACT
GCAACGTATC TAGATAGACT
TTGTACTAGA TTGTGTCTCA
TGTGCCATTG CCACCATAGC
TGAATTTCGC GACTCGTCCA

CAAGAAAGGT TTGCTAGCAG
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2

ACCAATATCA CGAAAGTAGA
AMCTTGAC] CTACAAATAA
6

TAGTGGAATT CTATAGTTTT

ATTATGTTTA
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2
CTAACCAGTG AGCAGCAGTG
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6
CCTCCCCCCC

CTCTCTCCCC
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ACCTCTCCGC AAGTGAAGCG
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CGATCTCCGT
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7

-110 GCCGCGCGTG GTGAGCTCTT CTAGGGTTTT CTCGTCGCCG GGTCGGTGTC ATCTCTCCTG CGAGCTACCG

-40 CGGCGGACAT GGAGTCCGCG TCGTCTTCAC TAGCGACCAG

Figure 1. OsPMCa>"ATPase promoter sequence. Underlined sequence: primers designed for deletion analysis 1. MYB recognition site; 2.
GT1GMSCAM4: pathogen- and salt-responsive element; 3. MYC recognition site; 4. ABRERATCAL: Ca“responsive element; 5: DRE recognition site; 6:
WBOXATNPR1: SA-responsive element; 7: CTRMCAMV35S: enhancer.

doi:10.1371/journal.pone.0057803.g001
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Figure 3B. GUS expression was detected in one week old etiolated
seedlings of full-length promoter and deletion transgenics. The
CaMV 35S promoter, used as positive control, was expressed in all
tobacco tissues, while no GUS activity was detected in wild-type
tobacco plants. GUS expression activity of full-length promoter
was the strongest among the four OsPMCa**ATPase promoter
constructs examined. —1210 bp and —886 bp deletions had
similar expression patterns. No GUS activity was evidenced in the
case of the longest deletion (—519 bp) (Figure 3B). The results
suggest that OsPMCa®*ATPase promoter deletions —1210 bp
and —886 bp are sufficient to drive gene expression.

Drought, Salt and Cold Stress Induces GUS Activity of

Promoter(s) in Tobacco Plants

Since it was shown that abiotic stresses can regulate OsPM-
Ca?"ATPase gene expression, its promoter activity was studied in
tobacco transgenic plants submitted to drought, salt and cold
treatments. The presence of abiotic-stress-responsive elements
inside the promoter sequence encouraged the research. In
consequence, GUS activity was measured through fluorometric
assay. Distinct GUS expression was evidenced for each of the four
(full-length, —1478 bp; D1, —1210 bp; D3, —519 bp and wild
type) OsPMCa®"ATPase promoter segments (Figure 4). The
results of deletion construct D2 were similar to the D1, therefore
the data of D2 is omitted in the figures 4 because of the space
constraint. In roots, high GUS expression was observed in full-
length and in all the deletions (~2-3.5 fold increase) after
treatment with stress. Reckonable increase of GUS activity in
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Table 1. Predictions of cis-elements present in OsPMCa**ATPase promoter using PLANT CARE database analysis.
Element Element core sequence Element Number Function

ABRERATCAL MACGYGB 2 Response to calcium ion

CGCGBOXAT VCGCGB 16 Involved in multiple signal transduction
CTRMCAMV35S TCTCTCTCT 5 plays as enhancer

CURECORECR GTAC 8 copper and oxygen signals

CBFHV RYCGAC 1 Response to low temperature

CCAATBOX1 CCAAT 3 Element for heat sock

DPBFCOREDCDC3 ACACNNG 4 Response to ABA signals

GT1GMSCAM4 GAAAAA 6 Pathogenesis and salt related element

MYB WAACCA/CTAACCA/CNGTTR 4 response to drought and ABA signals

MyC CANNTG 12 response to drought, ABA and cold signals

DRE ACCGCA/RCCGAC 1 Drought, ABA high salt and cold responsive element
GAREAT TAACAAR 1 Response to GA signals

WBOXATNPR1 TTGAC 2 Element for biotic and environmental stress
WBOXHVISO1 TGACT 2 Response to sugar signals

WBOXNTERF3 TGACY 4 Response to wounding

GATABOX GATA 10 Response to light

GT1CONSENSUS GRWAAW 10 Response to light

IBOXCORE GATAA 3 Response to light

INRNTPSADB YTCANTYY 1 Response to light

WBOXATNPR1 TTGAC 2 Response to SA signal

ABRELATERD1 ACGTG 1 Response to dehydration stress

ARFAT TGTCTC 1 Response to auxin signalling
LTRECOREATCOR15 CCGAC 2 Response to low temperature, cold, drought, ABA
TAAAGSTKST1 TAAAG 2 regulate guard cell-specific gene expression
doi:10.1371/journal.pone.0057803.t001

leaves (~4.5 fold) and shoots (~3 fold) was evidenced for full-
length promoter, while —1210 bp showed ~2.8 fold increase in
leaves and ~2 fold increase in shoots compared with control upon
treatment with drought, while no activity was observed in
—519 bp deletion. This may be due to presence of some inhibitory
elements upstream of —519 bp segment that affect its expression.
Similar results were presented in case of salt-induced stress. In
leaves and shoots cold shock induced ~2.8 fold increase GUS
expression only for full-length promoter while in —1210 bp and
—519 bp no expression was observed in leaves. Under same
conditions, a slight induction was present in —1210 bp (~2.8 fold
increase GUS activity) deletions in shoots (Figure 4). Thus, we
conclude that the full OsPMCa**ATPase promoter positively
responded to drought, salt and cold. Since deletion —1210 bp and
—519 bp did not respond to cold whereas the full-length promoter
did, it might result from the absence of cold-related cis-acting
elements in these segments. We suggest that cold-related cis-
elements may be required in response to cold in leaves outside the
region contained in the —1210 bp deletion.

Oxidative Stress-induced GUS Activity in Tobacco
Transgenic Plants

To provide further evidence for the idea that the OsPM-
Ca?*ATPasc is responsive to oxidative stress, tobacco plants were
treated with MV, compound known to alter the cellular ROS
concentration. To evaluate the effect of MV on the expression of
GUS, leaf, shoot and root samples of all promoter constructs were
treated with MV for 24 hr. Results are presented in Figure 4.
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Figure 2. OsPMCa*'ATPase promoter deletion analysis and schematic representation of different constructs. A) OsPMCa®"ATPase
promoter deletion analysis: The first base before ATG represents —1; F, full-length PM Ca®"ATPase promoter; D1, F 5’-end deletion of 300 bp; D2, F
5’-end deletion of 624 bp; D3, F 5’-end deletion of 991 bp. B) Amplification OsPMCa?*ATPase promoter with their different deletions. C) Schematic
representation Ca?*ATPase promoter in pCAMBIA 1391Z (a promoter less vector) for raising transgenic tobacco.

doi:10.1371/journal.pone.0057803.g002

Approx. 3.5-5 fold increase GUS expression was observed by MV
induction in root when compared to control. In leaves and shoots,
out of the three construct only —1210 bp promoter deletion
significantly responded to exogenous MV induction showing
approx. 3 fold increase GUS expression (Figure 4).

Hormone-induced GUS Activity

Leaves, shoot and roots were separated from transgenic plants
and hormones were applied to examine GUS expression for each
of the four OsPMCa**ATPase promoter segments. GUS expres-
sion responded differently to ABA, SA and MeJA-induced
treatments are shown in Figure 5. In leaves, among all the
promoter segments, only —519 bp deletion significantly responded
to exogenous ABA induction whereas full-length (—1478 bp)
promoter and —886 bp deletion showed less GUS expression
when compared to —1210 bp deletion (Figure 5A). Similar pattern
was evidenced in stems (Figure 5B); while in roots all the segments
respond well as compared to the 35S-GUS construct (Figure 5C).
GUS activity was also measured through fluorometric assay and
the results are shown in Figure 5D, but due to similar expression
pattern of D1 and D2, the data of D2 is omitted in the Figure 5D
because of the space constraint. Approx. 5-6.5 fold increase GUS
expression was observed in roots for full-length, —1210 bp and
—519 bp construct compared to control when induced by ABA.
While, in leaves and shoots ~3.5 fold GUS induction was observed
only for —1210 bp. It is interesting that the full-length, —1210 bp
and —886 bp promoter segments positively responded to ABA
induction, while no response was detected in leaves and shoots for
—519 bp promoter segment under ABA treatment (Figure 5A, B
& D). This implied that an ABA-related cis-acting element might
exist outside the region of —519 bp construct. We also expose
transgenic leaves to SA which failed to induce GUS activities for
all constructs (data not showed).

PLOS ONE | www.plosone.org

MeJA is a plant hormone involved in tendril (root) coiling,
flowering, seed and fruit maturation. An increase in MeJA levels
affects flowering time, flower morphology and the number of open
flowers. MeJA induces ethylene-forming enzyme activity, which
increases the amount of ethylene necessary for fruit maturation.
Increased amounts of methyl jasmonate in plant roots have shown
to inhibit their growth. Treatments with MeJA for 24 h proved
sufficient to trigger GUS expression driven by OsPMCa®"ATPase
promoter constructs (Figure 5). The MeJA induced GUS activity
level was higher in promoter deletion —1210 bp and —886 bp in
case of leaves (Figure 5A). Deletion to —1478 to —1210 bp regions
causes rapid increase in GUS activity and this might be due to
removal of some transcription factors binding regions responsible
for MeJA induced gene expression. On the other hand, in shoots,
deletion of —886 bp and —519 bp gave higher expression when
exposured to MeJA (Figure 5B). Fluorometric data induced by
MeJA showed ~4.3 fold increase GUS activity in leaves for
—1210 bp and ~3.6 fold increases in shoots for =510 bp when
compared with control. Approx. 3-4.66 fold increase GUS
expression was observed in roots for full-length, —1210 bp and
—519 bp construct compared to control when induced by MeJA
(Figure 5D). The variation of activity in shoot might be due to
present of some cis-acting elements outside the deletion —519 bp
that causes expression of GUS activity in —519 bp and might not
present —1478 to —1210 bp regions which causes for the
expression in leaves.

In situ Detection of GUS Activity in OsPMCa**ATPase
Promoter Segments Exclusively in Vascular Elements

A GUS staining experiment by razorblade section was used for
tissue-specific expression of OsPMCa?*ATPase promoter, two
month-old transgenic containing full-length and its deletions
tobacco plants were used. Transgenic plants driven by the
CaMV35S promoter, and wild-type tobacco, were the respective
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Figure 3. Fluorometric quantification and histochemical analysis of GUS activity. A) GUS enzyme activity among different transgenic
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per collection of transgenics per construct. The quantification of GUS activity for each promoter construct was replicated three times. Error bars on
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using two weeks old transgenic tobacco plantlets, directed by OsPMCa®*ATPase promoter construct F, D1, D2 and D3. For positive and negative
controls plants transformed with the 35S promoter and wild type (WT) plants were used separately.

doi:10.1371/journal.pone.0057803.g003

positive and negative controls. Blue points were detected in
vascular bundles, mesophyll and cortex of leaves; vascular bundles,
pith and cortex of stems; and vascular bundles, tips and caps of
roots of transgenic tobacco driven by the CaMV35Spromoter
(Figure 6). No GUS staining was observed in tissues of wild-type
tobacco. A significant induction of GUS expression in the vascular
tissue, especially xylem and phloem of leaf veins, stems (Figure 6)
was observed in the transverse section of the stems and petioles for
transgenic tobacco driven by promoter segment —1478 bp,
—1210 bp and —886. While no vascular specific expression was
observed in stem section for —519 bp construct but in petiole
some expression was observed. In addition, Gus expression was
highly detected in the meristematic zone of root tips of transgenic
tobacco driven by the OsPMCa”**ATPase promoter segment while
weakly detected in the root cap. We conjecture that the
OsPMCa?*ATPase promoter was a vascular specific and partic-
ularly a phloem-specific promoter. Moreover, the full-length

PLOS ONE | www.plosone.org

promoter (—1478 bp) construct still showed the strongest GUS
expression activity of the four OsPMCa?*ATPase promoter
constructs examined.

GUS Expression Analysis in Reproductive Organs of
OsPMCa?*ATPase Promoter Segments

To investigate the effect of abiotic stresses on the promoter
expression in vegetative organs, GUS staining was performed in
mature flower following the described stress treatments (Figure 7).
Results showed differential expression patterns upon stress
treatment. Following salt stress for 24 h, the full-length segment
presented high levels of GUS expression in anther and stigma,
while relatively low expression was observed in corolla and stalk
and no expression in calyx. Drought stress gave similar expression
pattern for anther and stigma, however, high expression was
evidenced in corolla and calyx and no expression in stalk.

March 2013 | Volume 8 | Issue 3 | e57803
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Figure 4. Quantification of GUS relative activity of OsPMCa**ATPase promoter deletions under drought, salt cold and MV induced

stress in leaves shoots and roots of tobacco. The transgenic tobacco p
D1 (—=1210 bp) and D3 (—519 bp) were chosen for quantification assays. The

lants driven by promoter-GUS fusion constructs full-length (—1478 bp),
deletion construct D2 was also used for the analysis but the data of D2

was similar to the D1, therefore the D2 data is omitted in this figure because of the space constraint. Wild type (WT) tobacco plants with same

treatment were used as the control. Data of three independent transgenic |
Error bars on the graphic represent SE with three replicates.
doi:10.1371/journal.pone.0057803.9g004

Relatively low level of expression was observed for all floral parts
upon treatment with cold. Surprisingly, no expression was
evidenced in anther and stigma while variable expression levels
were evidenced in corolla, calyx and stalks in different deleted
fragments (Figure S2). Following MV treatment, no GUS activity
was found in anther and stigma when OsPMCa**ATPasc full
promoter and deletions were used. In some deleted segment low
expression was found for corolla, calyx and stalks (Figure 7 &
Figure S2). Treatment with ABA and MeJA we observed very high
level of GUS expression in anther, stigma as well as other floral
organs in case of full-length OsPMCa**ATPasc promoter
(Figure 7), while differential expression was found for corolla,
calyx and stalks in deletion analysis (Figure S2). Some important
cis-acting elements present outside the regions of deletion
—519 bp could inhibit proper functioning of the deleted segment.
This result implies that only full-length OsPMCa®*ATPase
promoter is sufficient for GUS expression in flower.

PLOS ONE | www.plosone.org

ines were measured, and each experiment was replicated three times.

Discussion

Relevant genes can be expressed in most plant tissues either by
constitutive promoters such as CaMV35S or inducible-promoters.
However, the presence of transgenes driven by constitutive
promoters may result in homology-dependent gene silencing,
particularly when the promoter is highly active [35]. Inducible-
promoters are highly organized sequences required for the correct
spatial and temporal gene expression [36]. The advantages of
these promoters derived from plant genes make them a potentially
powerful tool for improving plant resistance to abiotic and biotic
stresses. Hence, tissue-specific and inducible promoters are
preferred as experimental tools to analyze the effects of transgene
expression and produce transgenic plants with resistance to various
abiotic stresses.

The present study evidenced that OsPMCa®*ATPase promoter
sequence 1n rice harbored multiple stress cis-acting elements. It has
been reported that drought-induced elements usually exist

March 2013 | Volume 8 | Issue 3 | e57803
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Figure 5. Gus expression analysis and estimation of relative GUS activity of various OsPMCa”*ATPase promoter deletions under
ABA and methyl jasmonate (MeJA)-induced stress. A) Gus activity in leaves, B) Gus activity in shoots and C) Gus activity in roots. Gus was
detected in X-Gluc solution using mature leaf disc, shoots cutting and roots from transgenic tobacco plant, directed by promoter constructs full-
length (—1478 bp), D1 (—1210 bp), D2 (—886 bp) and D3 (=519 bp). For positive and negative controls 35S and WT were used. D) The transgenic
tobacco plants driven by promoter-GUS fusion constructs full-length, D1 and D3 were chosen for quantification assays. The deletion construct D2 was
also used for the analysis but the data of D2 was similar to the D1, therefore the D2 data is omitted in this figure because of the space constraint. Wild
type (WT) tobacco plants with same treatment were used as control. Leaf, stem and root samples from transgenic lines were used. Data were
measured in three independent transgenic lines, and each experiment was replicated three times. Error bars on the graphic represent SE within the

three replicates.
doi:10.1371/journal.pone.0057803.9g005

upstream of genes induced by drought stress [37,38]. Additionally,
several transcription binding factors which take part in abiotic
stress response can contain cis-elements like ABA responsive
element (ABRE), drought responsive elements (DRE), C-repeat
elements (CRT), low temperature responsive element (LTRE), or
MYC and MYB recognition sites [39-41]. Most transcription
binding factors are conserved among orthologous, paralogous, and
co-regulated genes [42]. Motifs often act in concert with other
transcription binding factors in order to cover an effect on abiotic
stress response, as in the case of DRE/CRT element. Some
transcription binding factors occur within a specific distance from
one another, thereby forming dyad elements. This is the case in
ABRE element in Arabidopsis and Oryza sativa [43]. ABRE elements
often occur in multiple copies, thereby providing a quantitative
effect on stress response. ABRE and DRE elements are also known
to occur within different kinds of promoters induced by cold,
drought, and salt stress.

Many abiotic stress-responsive motifs exert their effect on the
basal transcription machinery, while others lie farther upstream
within the promoter. Regulatory elements, in general, form diverse
regulatory networks, each having an effect on one another [44].
Within this network, certain transcription factors (TFs) are
induced by abiotic stress. They are usually included in DREB,
WRKY, MYB, bHLH (basic helix-loop-helix), bZIP, and NAC
TF families. Protein-protein interactions between different tran-
scription factors also take part in abiotic stress response [45]. An
example is given by the SCOF-1 protein (soybean cold inducible
factor-1) which interacts with SGBF-1 (soybean G-box binding
bZIP transcription factor) in response to cold stress [46]. Response
to abiotic stress can be regulated by ABA-dependent and ABA-
independent pathways [47,48] which overlap each other, and play
a major role in response to cold, drought and salinity stress [49].
This result implies that OsPMCa**ATPase promoter could be
induced by drought, salt, and cold by activating different signal
transduction pathways.

OsPMCa**ATPase expression was induced by pathogen and
abiotic elicitors. Several putative motifs within cis-acting elements,
such as GAAAAA, TTTTTC, ACGT-box and W-box, were
evidenced by computational analysis in the OsPMCa®"ATPase
promoter and they might be responsible for OsPMCa**ATPase
expression during pathogen infection and salt stress. An —1210 bp
sequence of OsPMCa**ATPase promoter was sufficient to drive
GUS activity in tobacco leaf, shoot, root and flower challenged
with NaCl stress. Cis-acting elements essential for activation in
response to salt may reside between —1210 and —519 bp. Only a
GT-1 element identified in the soybean calmodulin gene promoter
activated by pathogen infection and NaCl stress was found within
the OsPMCa?*ATPase promoter region from —1210 to —519 bp
[50]. The presence of the GT-1 element suggests that it may
function in OsPMCa®*ATPase promoter activation in response to
bacterial infection and salt stress. GA in the GT-1 cis-element (5'-
GAAAAA-3') is required for binding to nuclear factor(s) in
response to pathogen or salt-induced stress [50]. We also find GT-
l-related clements in OsPMCa**ATPase promoter which imply

PLOS ONE | www.plosone.org

10

that a GT-l-related transcription factor positively regulates
OsPMCa**ATPase gene expression under the conditions of
pathogen attack or NaCl stress. In our result we also identified
some GT-1 element at —519 to —1 bp but under salt stress these
segments did not respond, indicating that this GT-1 element may
not be sufficient for OsPMCa®*ATPase promoter activation by
salt treatment. Only —1210 bp promoter segments responded in
leaves and shoots of tobacco transgenic plants submitted to MV
treatments. Oxidative damage in plants caused by MV may be due
to the excess generation of superoxide radicals, which are normally
detoxified to oxygen and hydrogen peroxide (HyOy) by superoxide
dismutase [51].

The plant growth regulators appear to play a predominant role
in the conversion of environmental signals into changes in plant
gene expression [52] and are involved in diverse developmental
processes including root growth, pollen production, and plant
resistance to insects and pathogens [53,54]. The ABA-responsive,
bZIP transcription factor-binding ACGT-box, and EREs were
found in the OsPMCa®**ATPase promoter region. The —519 bp
did not respond to ABA treatment in case of leaves and shoots as
we found no cis-regulatory element in this region. The —593 bp
deletion construct did not respond to ABA treatment [55],
although ABA responsive bZIP and MYB binding sites were
found in this region. The GCC-box-like jasmonic acid-responsive
element was evidenced in the OsPMCa**ATPase promoter
region. The —1210 to —886 bp is sufficient for MeJA-induced
GUS activity in OsPMCa?*ATPase promoter. However, the
—519 bp deletion drastically reduced jasmonic acid-responsive
promoter activity in leaves but not in shoots and roots. This may
be due to the fact that some inhibitory elements might be present
in this region. Previous studies have implicated a number of
different types of regulatory elements in conferring MeJA-
responsiveness in plant promoters. Some shares sequences
containing the TGACG (or its inverse CGTCA) motif, as in the
case of the AS-1-type element in the glutathione S-transferase gene
[56] or JASEL and JASE2 elements in OPR1 (12-Oxo-phytodie-
noic acid-10, 11-reductase) gene [57]. The palindromic motif
CGTCA - TGACG is part of longer inverted repeats in case of
lipoxygenase 1 (Lox /) gene [58], the potato cathepsin D inhibitor
gene [59] and nopaline synthase (nos) gene [60]. Such TGACG-
containing elements have been previously identified as binding
sites for bZIP-type of transactivating factors [61]. We found a
TTGAC element within the OsPMCa**ATPase promoter region
located at —1261 bp. It had been suggested to bind with SA-
dependent and pathogen-induced transcription factors WRKY
and TGA [62,63]. However, in our case, the promoter constructs
containing these cis-acting elements were not activated by SA
treatment.

Transverse section of the stems and petioles indicated that the
OsPMCa**ATPase promoter was a phloem-specific promoter. It
is interesting that in some deleted fragment GUS activity did not
occur in xylem but only in phloem, so long as the cambium was
formed. Moreover, root sections showed that staining was not only
in the vascular bundle but also in the root tip meristematic zone. It
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Figure 6. In situ histochemical localization of GUS activity. Razorblade sections in roots, petioles and stems of transgenic tobacco plants
transformed with promoter-GUS fusion constructs F, D1 D2 and D3 35S and WT. Transverse petiole and stem sections and from F, D1 D2 and D3 35S
and WT were stained with X-Gluc in NaH2 P04, pH 7.0, overnight at 37°C. Root sections from the above constructs were also stained overnight with
X-Gluc as above. Positive and negative controls were 35S and WT, used separately.

doi:10.1371/journal.pone.0057803.g006

was also interesting that GUS staining was weekly detected in root
cap, which differed to results for the CaMV35S promoter. The
mechanism behind this is still unclear. The members of the DOF
TF family have been found to control vascular tissue-specific gene
expression by binding to the core recognition sequence CTTT
[64]. Consistent with this, eight similar motifs were also found in
the OsPMCa**ATPase promoter. Consequently, this confirmed
that the motif ‘CTTT” and its homologous sequences determined
the promoters’ phloem-specific expression pattern. Other con-
served motif like ATAAGAACGAATC also involved in the

Anther and stigma

phloem strength and specificity was identified by Hehn [65].
Other vascular-specific promoters from rice, Milk Vetch Dwarf
Virus [66] and pumpkin PP2 gene promoter [67] also contained
this conserved sequence. In all these promoters, this motif was
upstream of the TATA box [48]. Our results demonstrated that
OsPMCa**ATPasc promoter has role in survival adaptability by
responding to stresses and hormones.

To attain anther-specific transgene expression, an anther
specific promoter is necessary. Full-length OsPMCa®*ATPase
promoter showed very high level of GUS expression in anther,
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Figure 7. GUS localization and intensity in floral parts of transgenic tobacco plants transformed with OsPMCa?"ATPase promoter
deletions. Transgenic tobacco flowers, anthers, stigma, corolla and calyx were colored with GUS staining solution to study the localization and

intensity under different stress condition.
doi:10.1371/journal.pone.0057803.g007
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stigma as well as other floral organs upon treatment with NaCl,
drought, ABA and MeJA, while relatively low expression was
evidenced in case of cold-induced stress. No anther and stigma
specific activity was observed under MV treatment. Surprisingly,
none of the deleted fragments showed any expression for anther
and stigma, while varied expression was found in corolla, calyx
and stalks. This might be due to the presence of repressor elements
located outside the deleted fragment, which could block the
activity in anther and stigma. This is the first report where
OsPMCa**ATPase promoter conferred anther-specific transgene
expression under various abiotic and hormonal stresses. The
results presented here suggest that the OsPMCa®"ATPase
promoter may play an important signalling and/or defensive role
during the flowering stages. Previously it was reported that Me¢JA
induced flower specific expression in Tomato Prosystemin
Promoter [68]. Similar flower-specific expression patterns have
been detected in several other MeJA-responsive genes in tomato
[69,70], soybean [71] and tobacco [72,73], whereas stigma-
specific genes that also respond to MeJA have been detected in
Arabidopsis [74,75], and rice [76]. Interestingly, signalling and stress
related genes are frequently present in stigma and most of them
also share several cis-regulatory elements. In contrast with dicot
plants, anther-specific promoters are not well characterized in
monocot plants. As such, no cis-acting elements for anther-specific
expression have been identified in rice. Although several anther-
specific promoters have been isolated from monocots, their
specificity was evaluated only in dicot transgenic plants [77-79].
For instance, rice OSIPA and OSIPK promoter regions share two
cis-elements (GTGANTG10 and POLLENILELAT) that confer
anther-specific expression to a minimal promoter in dicots [79].
However, the functionality of these cis-elements is still unknown.
Plasma membrane proteins are involved in the recognition and
transduction of endogenous hormonal signals [80]. However, SA
had no effect on OsPMCa?*ATPase promoter expression in
tobacco leaves. Induction of disease resistance-related plasma
membrane proteins by plant hormones has not been reported.
Cold-regulated plasma membrane protein genes are induced in
wheat and rice by ABA treatment [81-83]. Inducible OsPM-
Ca**ATPase promoter may be efficient at mediating and
enhancing plant defense responses against abiotic stresses.

Conclusion

In the present study we demonstrated by histochemical analysis
that the full-length OsPMCa®"ATPase promoter from Oryza sativa
is a reproductive organ-specific as well as vascular-specific
promoter. The OsPMCa**ATPase promoter contains drought,
salt, cold, MV, ABA and Mg¢JA related cis-elements, which
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regulated gene expression in roots. It was also revealed that in the
leaves these cis-elements might exist outside the region contained
in the —519 bp deletion construct. Overall, the tissue-specificity
and inducible nature of OsPMCa®*ATPasc promoter could grant
wide applicability in plant biotechnology. Abiotic stress tolerance
In rice is a complex trait, and single transgene introduction may
not be sufficient to impart stress tolerance under field conditions.
Further strategies involving rice genetic transformation with
multiple transgenes expressed in an inducible manner will help
to improve its stress tolerance. In consequence, the promoter
analyzed in the present study could be of great use to drive
transgenes based on expression pattern and extent of required
inducibility.

Supporting Information

Figure S1 PCR analysis to detect the presence of
different promoter deletions in transgenic tobacco. A)
PCR of full-length promoter B) PCR of D1 promoter deletion C)
PCR of D2 promoter deletion and D) PCR of D3 promoter
deletion.

(PDF)

Figure 82 GUS localization and intensity in floral parts
of transgenic transformed with different deleted pro-
moter segments. A) GUS localization and intensity in tobacco
flowers/florets for D1. B) GUS localization and intensity in
tobacco flowers/florets for D2. G) Reproductive organs GUS
localization and intensity in tobacco flowers/florets for D3. Flower
parts were stained with GUS staining solution to study the
localization and intensity under different stress condition. Details
of stress treatments are described in material and methods.

(PDF)
Table S1 List of primers used in this study.

(PDF)

Acknowledgments

We thank Dr. Anca Macovei and Dr. Renu Tuteja for helpful comments/
corrections and Dr. Praveen Verma (NIPGR, New Delhi) for providing

microscopic facility.

Author Contributions

Conceived and designed the experiments: KMKH NT. Performed the
experiments: KMKH MSAB KMP. Analyzed the data: KMKH MSAB
NT. Contributed reagents/materials/analysis tools: NT. Wrote the paper:
KMKH NT.

7. Sanders D, Brownlee C, Harper JF (1999) Communicating with calcium. Plant
Cell 11: 691-706.

8. Shao HB, Chu LY, Shao MA, Xing Zhao CX (2008a) Advances in functional
regulation mechanisms of plant aquaporins: Their diversity, gene expression,
localization, structure and roles in plant soil-water relations. Molecular
Membrane Biology 25: 179-191.

9. Shao HB, Chu LY, Shao MA (2008b) Calcium as a versatile plant signal

transducer under soil water stress. BioEssays 30: 634—641.

. Shao HB, Chu LY, Jaleel A, Manivannan P, Panneerselvam R, et al. (2009)
Understanding water deficit stress-induced changes in the basic metabolism of
higher plants-biotechnologically and sustainably improving agriculture and the
ecoenvironment in arid regions of the globe. Critical Review in Biotechnology
29: 131-151.

11. McCue KF, Hanson AD (1990) Drought and salt tolerance: Towards
understanding and application. Trends in Biotechnology 8: 358-362.

. Wood NT, Allan AC, Haley A, Moussaid MV, Trewavas AJ (2000) The
characterization of differential Calcium signalling in tobacco guard cells. The
Plant Journal 24: 335-344.

March 2013 | Volume 8 | Issue 3 | e57803



21.

22.

23.

28.

29.

30.

31.

36.

37.

38.

39.

40.

. Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses An overview.

Arc. of Bioche Biophy 444: 139-158.

. Geisler M, Frangne N, Gomes E, Martinoia E, Palmgren MG (2000) TheACA4

gene of Arabidopsis encodes a vacuolar membrane calcium pump that improves
salt tolerance in yeast. Plant Physiol 124: 1814-1827.

. Chung WS, Lee SH, Kim JC, Heo WD, Kim MC, et al. (2000) Identification of

a calmodulin regulated soybean Ca®*ATPase (SCAI) that is located in the
plasma membrane. Plant Cell 12: 1393-1407.

. Wimmers LE, Ewing NN, Bennett AB (1992) Higher plant Ca®*-ATPase:

Primary structure and regulation of mRNA abundance by salt. Proc. Natl. Acad.
Sci. USA 89: 9205-9209.

. Qudeimata E, Faltusz AMC, Wheeler G, Lang D, Brownlee C, et al. (2008) A

PIIB-type Ca®*ATPasc is essential for stress adaptation in Physcomitrella patens.
Proc Natl Acad Sci USA 105: 19555-19560.

Schiott M, Palmgreen M (2005) Two plant Ca®* pumps expressed in stomatal
guard cells show opposite expression patterns during cold stress. Physiol
Plantarum 124: 278-283.

. Liu W, Sun DL, Wang H, Jian LC, Zhao KF (2002) Comparison of Ca*'-

ATPase Activity in Winter Wheat VS. Cold-sensitive Spring Seedling
Plasmolemma of Cold-resistant wheat under 2? Low Temperature. Acta Agron
Sin 28: 227-229.

Sun DL, Wang H, Jian LC (1998) The stabilization on the plasmolemma
calcium-pump (Ca®*-ATPase) in winter wheat seedlings by the cold-resistant
agent CR-4. Chin Bull Bot 15: 50-54.

Li JM, Cui SP, Guan JF, Li MJ, Guo XL (2002) The Relationship between ABA
and Ca**/CaM in Winter Wheat Seedlings under PEG Stress. Acta Agron Sin
28: 537-540.

Pei ZM, Murata Y, Benning G, Thomine S, Klusener B, et al. (2000) Calcium
channels activated by hydrogen peroxide mediate abscisic acid signaling in
guard cells. Nature 406: 731-734.

Cerana M, Bonza MC, Harris R, Sanders D, Michelis MID (2006) Abscisic acid
stimulates the expression of two isoforms of plasma membrane Ca**ATPase in
Arabidopsis thaliana seedlings. Plant Biol 8: 572-578.

. Zong H. Liu EE, Guo ZF, Li MQ (2000) Enhancement of drought resistance of

rice seedlings. J South China Agri Univ 21: 63-65.

. Lu SY, Li YC, Guo ZF, Li BS, Li MQ (1993) Enhancement of drought

resistance of rice seedlings by calcium. Chin J Rice 13: 161-164.

5. Nayyar H (2003) Variation in osmoregulation in differentially drought-sensitive

wheat genotypes involves calcium. Biol Plant 47: 541-547.

. Romani G, Bonza MC, Filippini I, Cerana M, Beffagna N, et al. (2004)

Involvement of the plasmamembrane Ca**-ATPase in the short-term response
of Arabidopsis thaliana cultured cells to oligogalacturonides. Plant Biol 6: 192
200.

Beffagna N, Buffoli B, Busi C (2005) Modulation of reactive oxygen species
production during osmotic stress in Arabidopsis thaliana cultured cells:
involvement of the plasmamembrane Ca®*-ATPase and H+-ATPase. Plant Cell
Physiol 46: 1326-1339.

Boursiac Y, Lee SN, Romanowsky S, Blank R, Sladek C, et al. (2010) Disruption
of the Vacuolar Calcium-ATPases in Arabidopsis Results in the Activation of a
Salicylic Acid-Dependent Programmed Cell Death. Plant Physiol 154: 1158—
1171.

Horsch RB, Fry JE, Hoffmann NL, Eichholtz D, Rogers SG, et al. (1985) A
Simple and General Method for Transferring Genes into Plants. Science 227:
1229-1231.

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions B-glucuronidase
as a sensitive and versatile gene fusion marker in higher plants. EMBO J. 6:
3901-3907.

. Ogawa M, Hanada A, Yamauchi Y, Kuwahara A, Kamiya Y, et al. (2003)

Gibberellin biosynthesis and response during Arabidopsis seed germination.
Plant Cell 15: 1591-1604.

Yu D, Chen C, Chen Z (2001) Evidence for an important role of WRKY DNA
binding proteins in the regulation of NPR1 gene expression. Plant Cell 13:
1527-1540.

Kaplan B, Davydov O, Knight H, Galon Y, Knight MR, et al. (2006) Rapid
transcriptome changes induced by cytosolic Ca®* transients reveal ABRE-related
sequences as Ca®*-responsive cis clements in Arabidopsis. Plant Cell 18: 2733

2748.

. Vaucheret H, Beclin C, Elmayan T, Feuerbach F, Godon C, et al. (1998)

Transgene-induced gene silencing in plants. Plant J 16: 651-659.

Oettgen P (2001) Transcriptional regulation of vascular development. Circ Res
89: 380-388.

Guiltinan MJ, Marcotte WR, Quatrano RS (1990) A plant leucine zipper
protein that recognizes an abscisic acid response element. Science 250: 267-271.
Mundy J, Yamaguchi-Shinozaki K, Chua N (1990) Nuclear proteins bind
conserved elements in the abscisic acid-responsive promoter of a rice rab gene.
Proc Nat Acad Sci 87: 1406-1410.

Jiang Y, Wei LB, Fei YB, Shu NH, Gao SQ (1999) Purification and
identification of antifreeze proteins in Ammopiptanthus Mongolicus. Acta Bota
Sin 41: 967-971.

Abe H, Yamaguchi-Shinozaki K, Urao T, Iwasaki T, Hosokawa D, et al. (1997)
Role of Arabidopsis MYC and MYB homologs in drought- and abscisic acid-
regulated gene expression. Plant Cell 9: 1859-68.

PLOS ONE | www.plosone.org

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

Functional Analysis of Rice PMCa2+ATPase Promoter

Abe H, Urao T, Ito T, Seki M, Shinozaki K, et al. (2003) Arabidopsis AtMYC2
(bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic
acid signaling. Plant Cell 15: 63-78.

Tran LS, Mochida K (2010) Identification and prediction of abiotic stress
responsive transcription factors involved in abiotic stress signaling in soybean.
Plant Signal Behav 5: 255-257.

Goémez-Porras JL, Riafio-Pachén DM, Dreyer I, Mayer JE, Mueller-Roeber B
(2007) Genome-wide analysis of ABA-responsive elements ABRE and CE3
reveals divergent patterns in Arabidopsis and rice. BMC Genomics 8: 260.
Wray GA, Hahn MW, Abouheif E, Balhoff JP, Pizer M, et al. (2003) The
evolution of transcriptional regulation in eukaryotes. Mol Biol Evol 20: 1377~
419.

. ob; , Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, et
akoby M, Weisshaar B, Droge-L: W, Vi Carbaj Tied

al. (2002) bZIP Research Group. bZIP transcription factors in Arabidopsis.
Trends Plant Sci 7: 106-111.

Kim JC, Lee SH, Cheong YH, Yoo CM, Lee SI, et al. (2001) A novel cold-
inducible zinc finger protein from soybean, SCOF-1, enhances cold tolerance in
transgenic plants. Plant J 25: 247-259.

Shinozaki K, Yamaguchi-Shinozaki K, Seki M (2003) Regulatory network of
gene expression in the drought and cold stress responses. Curr Opin Plant Biol 6:
410-417.

Yamaguchi-Shinozaki K, Shinozaki K (2005) Organization of cis-acting
regulatory elements in osmotic- and cold-stress-responsive promoters. Trends
Plant Sci 10: 88-94.

Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory
networks in cellular responses and tolerance to dehydration and cold stresses.
Annu Rev Plant Biol 57: 781-803.

Park HC, Kim ML, Kang YH, Jeon JM, Yoo JH, et al. (2004) Pathogen- and
NaCl-Induced Expression of the SCaM-4 Promoter Is Mediated in Part by a
GT-1 Box That Interacts with a GT-1-Like Transcription Factor. Plant Physiol
135: 2150-2161.

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annu Rev Plant Biol 55: 373-399.

Skriver K, Mundy J (1990) Gene Expression in Response to Abscisic Acid and
Osmotic Stress. Plant Cell 2: 503-510.

Creelman RA, Mullet JE (1997) Biosynthesis and action of jasmonates in plants.
Annu Rev Plant Physiol Plant Mol Biol 48: 355-381.

. Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant

volatile emissions in nature. Science 291: 2141-2144.

. Hong JK, Hwang BK (2009) The promoter of the pepper pathogen-induced

membrane protein gene CaPIMP1 mediates environmental stress responses in

plants. Planta 229: 249-259.

. Xiang C, Miao Z, Lam E (1996) Coordinated activation of as-l-type elements

and a tobacco glutathione S-transferase gene by auxins, salicylic acid, methyl-
jasmonate and hydrogen peroxide. Plant Mol. Biol 32: 415-426.

He Y, Gan S (2001) Identical promoter elements are involved in the regulation
of the OPRI gene by senescence and jasmonic acid in Arabidopsis. Plant Mol.
Biol 47: 595-605.

Rouster J, Leah R, Mundy J, Cameron-Mills V (1997) Identification of a methyl
Jjasmonate-responsive region in the promoter of a lipoxygenasel gene expressed
in barley grain. Plant J 11: 513-523.

Ishikawa A, Yoshihara T, Nakamura K (1994) Jasmonate inducible expression
of a cathepsin D inhibitor-GUS gene fusion in tobacco cells. Plant Mol. Biol 26:
403-414.

Kim SR, Kim Y, An G (1993) Identification of methyl jasmonate and salicylic
acid response elements from the nopaline synthase (nos) promoter. Plant Physiol
103: 97-103.

Schindler U, Beckmann H, Cashmore AR (1992) TGAl and G-box binding
factors: two distinct classes of Arabidopsis leucine zipper proteins compete for
the G-boxlike element TGACGTGG. Plant Cell 4: 1309-1319.

Jupin I, Chua NH (1996) Activation of the CaMV as-1 cis-element by salicylic
acid: Differential DNA-binding of a factor related to TGAla. EMBO J 15:
5679-5689.

Eulgem T, Rushton P, Robatzek S, Somssich I (2000) The WRKY superfamily
of plant transcription factors. Trends Plant Sci 5: 199-206.

Guo Y, Qin G, Gu H, Qu LJ (2009) Dof5.6/HCA2, a Dof transcription factor
gene, regulates interfascicular cambium formation and vascular tissue develop-
ment in Arabidopsis. Plant Cell 21: 3518-3534.

. Hehn A, Rohde W (1998) Characterization of cis-acting elements affecting

strength and phloem specificity of the coconut foliar decay virus promoter. ] Gen
Virol 79: 1495-1499.

Shirasawa-Seo N, Sano Y, Nakamura S, Murakami T, Seo S, et al. (2005)
Characteristics of the promoters derived from the single-stranded DNA
components of milk vetch dwarf virus in transgenic tobacco. J Gen Virol 86:
1851-1860.

Guo HN, Chen XY, Zhang HL, Fang RX, Yuan ZQ, et al. (2004)
Characterization and activity enhancement of the phloem-specific pumpkin
PP2 gene promoter. Transgenic Res 13: 559-566.

Aviles-Arnaut H, Delano-Frier JP (2012) Characterization of the tomato
prosystemin promoter: organ-specific expression, hormone specificity and
methyl jasmonate responsiveness by deletion analysis in transgenic tobacco

plants. J. Integr. Plant Biol 54(1): 15-32.

March 2013 | Volume 8 | Issue 3 | e57803



69.

70.

71.

73.

74.

76.

Ruiz-Rivero OJ, Prat S (1998) A -308 deletion of the tomato LAP promoters is
able to direct flower-specific and MeJA-induced expression in transgenic plants.
Plant Mol. Biol 36: 639-648.

Hause B, Stenzel I, Miersch O, Maucher H, Kramell R, et al. (2000) Tissue-
specific oxylipin signature of tomato flowers: Allene oxide cyclase is highly
expressed in distinct flower organs and vascular bundles. Plant J 24: 113-126.
Mason HS, DeWald DB, Mullet JE (1993) Identification of a methyl jasmonate
responsive domain in the soybean vspB promoter. Plant Cell 5: 241-251.

. Kang JH, Baldwin IT (2006) Isolation and characterization of the threonine

deaminase promoter in Nicotiana attenuata. Plant Sci 171: 435-440.

Quiapim AC, Brito MS, Bernardes LA, Dasilva I, Malavazi I, et al. (2009)
Analysis of the Nicotiana tabacum stigma/style transcriptome reveals gene
expression differences between wet and dry stigma species. Plant Physiol 149:
1211-1230.

Swanson R, Clark T, Preuss D (2005) Expression profiling of Arabidopsis stigma
tissue identifies stigma-specific genes. Sex. Plant Reprod 18: 163-171.

. Tung CW, Dwyer KG, Nasrallah ME, Nasrallah JB (2005) Genome wide

identification of genes expressed in Arabidopsis pistils specifically along the path
of pollen tube growth. Plant Physiol 138: 977-989.

Li MN, Xu WY, Yang WQ, Kong ZS, Xue YB (2007) Genome wide gene
expression profiling reveals conserved and novel molecular functions of the
stigma in rice. Plant Physiol 144: 1797-1812.

PLOS ONE | www.plosone.org

15

78.

79.

80.

81.

82.

83.

Functional Analysis of Rice PMCa2+ATPase Promoter

. Tsuchiya T, Toriyama K, Ejiri S, Hinata K (1994) Molecular characterization of

rice genes specifically expressed in the anther tapetum. Plant Mol Biol 26: 1737~
1746.

Hamilton DA, Schwarz YH, Mascarenhas JP (1998) A monocot pollen-specific
promoter contains separable pollen-specific and quantitative elements. Plant
Mol Biol 38: 663-669.

Gupta V, Khurana R, Tyagi AK (2007) Promoters of two anther-specific genes
confer organ-specific gene expression in a stage-specific manner in transgenic
systems. Plant Cell Rep 26: 1919-1931.

Blakeslee JJ, Peer WA, Murphy AS (2005) Auxin transport. Curr Opin Plant
Biol 8: 494-500.

Breton G, Danyluk J, Charron JBF, Sarhan F (2003) Expression profiling and
bioinformatics analyses of a novel stress-regulated multispanning transmem-
brane protein family from cereals and Arabidopsis. Plant Physiol 132: 64-74.
Imai R, Koike M, Sutoh K, Kawakami A, Torada A, Oono K (2005) Molecular
characterization of a cold-induced plasma membrane protein gene from wheat.
Mol Genet Genomics 274: 445-453.

Morsy MR, Almutairi AM, Gibbons J, Yun SJ, de los Reyes BG (2005) The
OsLti6 genes encoding low-molecular-weight membrane proteins are differen-
tially expressed in rice cultivars with contrasting sensitivity to low temperature.

Gene 344: 171-180.

March 2013 | Volume 8 | Issue 3 | e57803



