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In this study, we constructed various kinds of binary vectors with the pPZP backbone for co-over-
expression, tissue- or development-specific expression and stress-inducible expression, and validated
them for ectopic expression of target genes. Using a modified CaMV 355 promoter, a binary vector
was generated for co-overexpression of two different genes and was confirmed to be efficient for over-
expressing two different target genes at the same time and place. Binary vectors containing At253,
KNATI or LFY promoters were constructed for tissue-specific or development-specific gene expression,
and the binary vectors were suited for embryo/young seedling stage-, shoot apical meristem- or leaf
primordia-specific expressions. Furthermore, the binary vectors containing RD29A or AtNCED3 pro-
moters were validated as suitable vectors for gene expression induced by abiotic stresses such as high
salt, ABA, MV and low temperature. Taken together, the binary vectors constructed in this study
would be very useful for analyzing the biological functions of target genes and molecular mechanisms

through ectopic expression.
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Introduction

In plants, biological functions of target genes can be ana-
lyzed by the qualitative and quantitative changes of mRNAs,
proteins and metabolites in transgenic plants, where target
gene is ectopically expressed [12]. Various binary vectors
have been developed to overexpress target genes in plants.
The promoter is particularly important in the overexpression
binary vector. The cauliflower mosaic virus (CaMV) 355 pro-
moter and plant-derived ubiquitin (UBQ) promoters have
been widely used for the overexpression of target genes in
plants [8,13,16]. CaMV 35S promoter is about 350 bp long
and consists of domain A (-90 to +8) and B (-343 to -91).
A modified CaMV 35S promoter, in which -90 to -47 of do-
main A has been removed, is more effective than a
full-length promoter for the overexpression of target genes
[18]. Arabidopsis UBQ gene family consists of 14 members
and many of the UBQ genes are constitutively expressed in
most organs [4,9,23]. Especially, the promoters of UBQ3 and
UBQ10 showed constitutive activities in most organs [18,26].

It is often necessary to generate the transgenic plants that

overexpress two different genes at the same time and place.
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For example, it is very useful to check the cellular co-local-
ization of two different proteins encoded by different genes
each other or to study the phenotypes of the double-trans-
genic plants which overexpress two different genes together,
etc. The method of co-overexpression has been developed
such as cross-fertilization and two transformations [20].
However, these are difficult to select the transgenic plants
that overexpress both genes and have low efficiency. To ease
the generation of co-overexpression transgenic plants, we
developed co-overexpression vector and tested for its effi-
ciency and application.

Although the overexpression of target genes is very useful
for the study of gain-of-function genetics, it sometimes inter-
rupts the normal growth of plants and even causes embry-
onic lethality. To solve these problems, other kinds of ectopic
expression binary vectors have been developed for tis-
sue-specific, development-specific and stress-inducible ex-
pressions [3,22,28]. Occasionally, it is necessary to limit the
expression of target genes in stress conditions for the func-
tional studies and applications of stress-related genes to gen-
erate stress-tolerant plants, etc.

Agrobacteriym-mediated transformation has been widely
used in the plant transformation and binary vectors are es-
sential in the method [2]. Most of the old binary vectors such
as BIN19, pGA482 and pGA492 are large, unstable in



Agrobacterium, have not been sequenced, lack convenient re-
striction sites in multiple cloning sites (MCS) and have low
replicative copy number in bacteria [1,2]. To overcome these
disadvantages, new binary vectors such as pPZP, pRCS2-ocs
and pMSP have been developed [17]. One of them, pPZP,
is versatile, relatively small and stable in Agrobacterium even
if grown under non-selective conditions [6], has high repli-
cative copy number in E. coli (about 200 copies per cell) and
3-5 copies in Agrobacterium and fully sequenced [11].

In this study, various binary vectors with pPZP backbone
were constructed and tested for ectopic expression of target
genes. For ectopic expression, binary vectors were generated
for co-overexpression, tissue-specific, development-specific
and stress-inducible expression. Our results indicate that bi-
nary vectors for ectopic expression constructed in this study
would be beneficial to investigate the biological functions
of target genes.

Materials and Methods

Plasmid constructions

In order to generate promoter analysis vectors, promoters
were amplified by PCR. Primers used for the PCR reaction
were as following Table 1. Amplified promoters were cloned

Table 1. List of primers used in PCR
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into pFGL75 (pPZP211-Tnos) and pFGL539 (pPZP211-83
-glucuronidase (GUS)-Tnos). Information of the promoter re-
gions can be found at NCBI (http://www.ncbinlmnih.gov/)
and TAIR (http://www.arabidopsis.org/).

Plant materials and growth conditions

The Arabidopsis thaliana genotype used in all experiments
was Columbia. Arabidopsis seeds were surface-sterilized in
70% EtOH for 1 min, in 1/10-diluted commercial Clorox
(final 0.4% NaOCl) for 10 min, and were washed four times
with distilled water. Surface-sterilized Arabidopsis seeds
were placed in the dark condition for 2 days at 4°C and
then germinated on agar plates containing half-strength of
MS salts [21], vitamins, 1.5% sucrose and 0.7% agar. Plates
were placed under short-day (SD) conditions (8 hr of
light/16 hr of dark) at 22°C. Ten- to twelve-day-old seedlings
were transplanted to soil and grown under long-day (LD)
conditions (16 hr of light/8 hr of dark) at 22°C.

Plant transformation and selection of transgenic plants
Constructs for promoter analysis of Arabidopsis were
transformed into Agrobacterium tumefaciens strain, GV3101
(pMP90), by freeze-thaw method [33]. Then, Agrobacterium
was transformed into Arabidopsis wild-type plants by

Amplification targets Orientation Sequences Purposes
CaMV 355 promoter B domain Forward  5-GGGAAGCTTTGAGACTTTTCAACAAAG-3’ Cloning
CaMV 355 promoter B domain Reverse  5-GGGGAATTCTATCACATCAATCCACTT-3' Cloning
CaMV 355 promoter core Forward  5-CAAGAATTCGCAAGACCCTTCCTCTAT-3 Cloning
CaMV 355 promoter core Reverse 5-ATACTGCAGCAGCGTGTCCTCTCCAAA-3 Cloning
At253 promoter Forward 5-CCCAAGCTTGAAACCAAATTAACATAG-3 Cloning
At253 promoter Reverse 5-CCCCTGCAGGTTTTGCTATTTGTGTATGTT-3 Cloning
KNATI promoter Forward  5-CCCAAGCTTGATCTAGAGCCCTAGGAT-3 Cloning
KNAT1 promoter Reverse  5-CCCCTGCAGACCCAGATGAGTAAAGATTTGAG-3 Cloning
LFY promoter Forward  5-GCGCTGCAGTTTTTCGCAAAGGAAAGT-3 Cloning
LFY promoter Reverse 5-GCGCCCGGGATAATCTATTTTTCTCTC-3 Cloning
RD29A promoter Forward  5-GCGAAGCTTGGTGAATTAAGAGGAGAGAGGAGG-3  Cloning
RD29A promoter Reverse  5-ACACTGCAGTGAGTAAAACAGAGGAGGGTCTCAC-3" Cloning
AINCED3 promoter Forward  5-CGCGTCGACATGTACAAAAACACCTATAA-3 Cloning
AtNCED3 promoter Reverse  5-GCGCCCGGGTTTTCAAGTGTGTTCAATCA-3 Cloning
GAPc Forward  5-CCAGCTCTITAACGGAAAGTTG-3 RT-PCR
GAPc Reverse  5-CCTGTTGTCGCCAACGAAGTC-3 RT-PCR
GAPc Forward  5-GTGTCCCAACCGTTGATGTC-3 gRT-PCR
GAPc Reverse  5-TCCCTTGAGTTTGCCTTCGG-3 qRT-PCR
RD29A Forward 5-GAAACAGAGTCTGCCGTGAC-3 RT-PCR
RD29A Reverse  5-TGCTGCCTTCTCGGTAGAGA-3’ RT-PCR
GUS Forward  5-CTTACAGGCGATTAAAGAGC-3 RT-PCR/qRT-PCR
GUS Reverse  5-ATCGGCTGATGCAGTTTCTC-3’ RT-PCR
GUS Reverse  5-GTTCGTTGGCAATACTCCAC-3 gRT-PCR
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floral-dipping method [5]. Arabidopsis transgenic plants
were selected from a medium containing 25 mg/l

kanamycin.

Treatments of NaCl, ABA, MV and low temperature

7-day-old GUS-expressing transgenic plants grown on MS
agar media were treated with NaCl, abscisic acid (ABA),
methyl viologen (MV) and low temperature for GUS assay
and RT-PCR. For NaCl, ABA and MV treatments, 7-day-old
GUS-expressing transgenic seedlings grown on MS agar me-
dia were transferred to filter paper saturated with 300 mM
NaCl, 100 uM ABA or 10 uM MV, respectively, and kept
for 0 or 5 hr. For low temperature, 7-day-old GUS-expressing
transgenic seedlings grown on MS agar media were trans-
ferred to filter paper saturated with liquid MS media and
placed at 4°C for 5 hr.

Histochemical GUS assay

The promoter-GUS transgenic plants, grown on MS agar
media, were collected and used for histochemical detection
of GUS expression. For general detection of GUS ex-
pression patterns in plants, samples were vacuum-in-
filtrated in 1 mg/ml X-gluc, 5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, 0.07% Triton X-100 and 50
mM sodium phosphate buffer (pH 7.0) for 10 min and
stained at 37°C for 6 hr. Samples were rinsed with 50 mM
sodium phosphate and fixed with 9 parts of 95% ethanol
and 1 part of glacial acetic acid overnight at room
temperature. Solution was changed to 70% ethanol and

samples were stored at 4°C.

Quantitative GUS assay

Quantitative GUS assays were performed according to
Gallagher [7]. 100 mg whole seedlings were ground in 300
ul extraction buffer (50 mM NaPO,, pH 7.0, 1 mM EDTA,
10 mM B-mercaptoethanol, 0.1% Triton X-100 and 0.1% so-
dium lauryl sarcosine) in a microcentrifuge tube. Cell debris
was removed from the homogenates by centrifugation at
12,000 rpm for 15 min. 50 uL of the homogenates were mixed
with 450 ul GUS assay buffer (2 mM 4-methylumbelliferyl-
D-glucuronide in extraction buffer) and incubated at 37°C
for 1 hr. Aliquots of 200 ul were taken and the reaction was
stopped by adding 800 ul stop buffer (0.2 M NayCOs).
Fluorescent products were quantified with a fluorometer.
Fluorescence of 4-methylumbelliferone (4MU) was measured
with excitation at 365 nm and emission at 455 nm.

RNA isolation

Total RNA was isolated using Tri Reagent (Molecular
Research Center, USA). 5 ug of total RNA was pretreated
with RNase-free DNase I (Promega, USA) and reverse-tran-
scribed in total volume of 50 ul containing 50 pmole oli-
go-dT, 1 mM dNTP and 200 units of molony murine leukemia
virus (M-MLV) reverse transcriptase (Promega, USA).

Semi-quantitative RT-PCR and quantitative RT-PCR

Semi-quantitative RT-PCR was performed in 50 ul sol-
ution containing 1 pl RT product, 25 pmole gene specific
primers, 0.5 mM dNTP, 1 unit of F-taq DNA polymerase
(Solgent, Korea) and 5 ul 10x reaction buffer. PCR cycles of
27 to 33 were performed for RD29A and GUS, and 24 to
27 cycles for GAPc. The number of PCR cycles chosen was
shown to be in the linear range of the amplification reaction
(data not shown). GAPc as an internal control was amplified.
The reaction included an initial 5 min denaturation at 94°C,
followed by repeated cycles at 94°C for 45 sec, at 56°C for
45 sec, at 72°C for 45 sec and final 10 min at 72°C. Primers
used for the PCR reaction were as following Table 1.

Diluted ¢<DNA was used as template for quantitative
RT-PCR using a StepOne real-time PCR system (Applied
Biosystems, USA). Each 20 pl reaction mix contained 10 pl
2x POWER SYBR Green PCR Master mix and 0.5 pM gene
specific primers. Real-time DNA amplification was analyzed
using the software, StepOne (version 2.1). The Ct (cycle at
the threshold) value is set constant throughout the study
and corresponds to the log linear range of PCR
amplification. The normalized amount of target reflects the
relative amount of target transcripts with respect to the en-
dogenous reference gene GAPc. The reaction included an ini-
tial 10 min denaturation at 95°C, followed by repeated cycles
at 95°C for 15 sec, 56°C for 15 sec and 72°C for 15 sec. Primers
used for the PCR reaction were as following Table 1.

Transient gene expression in Arabidopsis protoplasts

To investigate the cellular localization of target genes in
Arabidopsis protoplasts, polyethylene glycol (PEG)-mediated
protoplast transformations were performed according to the
method described by Sheen [30]. Protoplasts were trans-
formed with 20 pg of plasmid DNA. Transformed proto-
plasts were incubated at 22°C in the dark for 24 hr to allow
the accumulation of the synthetic green fluorescent protein
(sGFP) and red fluorescent protein (RFP) fusion proteins.
sGFP and RFP signals were detected by fluorescence
Microscopy.



Results

Co-overexpression binary vectors

CaMV 35S promoter has been widely used to overexpress
target genes in plants. A modified CaMV 355 promoter,
combination of domain B and minimal promoter, was used
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for the co-overexpression of target genes in this study [18].
To overexpress two different genes concomitantly, a binary
vector containing two modified CaMV 355 promoters was
constructed and named as pFGL1217 (Fig. 1A). To confirm
that the construct is able to overexpress two different target

genes properly, RFP and sGFP reporter genes were ex-
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Fig. 1. Schematic maps of binary vectors constructed in this study. (A) T-DNA regions of pFGL1217, pFGL1092, pFGL1093, pFGL1167,
pFGL722 and pFGL1213. (B) Promoter:reporter gene:Tnos regions of pFGL1230, pFGL1091, pFGL1095, pFGL1168, pFGL723
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pressed under the control of each modified CaMV 355 pro-
moter (Fig. 1B). Using the RFP and sGFP signal, it was con-
firmed that the RFP and sGFP were overexpressed in the
cytoplasm and the nucleus of the Arabidopsis protoplasts
containing modified CaMV 35S:RFP:modified CaMV
355:sGFP (Fig. 2).

Modified CaMV 355::RFP
:modified CaMV 355::sGFP

Tissue- or development-specific expression binary
vectors

For the tissue-specific or development-specific expression,
the promoters of Arabidopsis thaliana 25 ALBUMIN 3 (At253),
KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 1
(KNAT1) and LEAFY (LFY) were used. At2S3 is expressed

RFP Bright image

Fig. 2. Transient expression assay of co-overexpression vector. sSGFP and RFP were detected in the same Arabidopsis protoplast

transformed by pFGL1230.

A B
At283::6US

DAG

KNAT1.:GUS LFY..GUS

Fig. 3. Analysis of GUS activities in transgenic plants carrying tissue-specific and development-specific promoter::GUS constructs.
(A) GUS activities in 2-, 4-, 10-, 14- and 21-day-old seedlings containing A253:GUS grown under SD condition. (B) GUS
activities in 4-, 7-, 11-, 14- and 21-day-old seedlings containing KNAT1::GUS grown under SD condition. (C) GUS activities
in 4-, 7-, 11, 14- and 21-day-old seedlings containing LFY:GUS grown under LD condition.



in the early developmental stage [10,24]. KNAT1 is expressed
in the shoot apical meristem and the stem but not in the
leaves and the roots [19], similar to the expression of many
kn1-like homeobox genes of maize [15]. LFY is expressed in
the leaf primordia but not in the shoot apical meristem
[25,29].

Each of the three promoters was cloned into pFGL75
(pPZP211-Tnos). Binary vectors containing At2S3, KNAT1
and LFY promoters were named as pFGL1092, pFGL1093
and pFGL1167, respectively (Fig. 1A). In order to confirm
that the constructs were able to express target genes prop-
erly in plants, GUS reporter gene was expressed under the
control of each promoter (Fig. 1B). With A#253::GUS plants,
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GUS expression was observed in the cotyledons but not in
the shoot apex and leaves (Fig. 3A). From 2 days after germi-
nation (DAG) to 21 DAG, GUS activity was observed in the
cotyledons and gradually decreased in the roots. With the
KNAT1 promoter, GUS activity was found in the shoot ap-
ical meristem from 4 DAG to 21 DAG (Fig. 3B). On the other
hand, the LFY:GUS plants showed GUS activity in leaf pri-
mordia from early developmental stage of seedlings (Fig. 3C).

Stress-inducible expression binary vectors

For stress-inducible expression, promoters of Responsive
to desiccation 29A (RD29A) and Arabidopsis thaliana 9-cis-epox-
yearotenoid dioxygenase 3 (AINCED3) were used to construct
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Fig. 4. Analysis of RD29A promoter activities in RD29A::GUS-expressing transgenic plants under abiotic stress. (A) GUS activities
in 7-day-old seedlings under 300 mM NaCl, low temperature (4°C), 100 uM ABA or 10 uM MV treatments for 5 hr. (B)
Semi-quantitative RT-PCR analysis was performed using seedlings treated with 300 mM NaCl, 100 uM ABA or 10 uM MV.
GAPc was used as an internal control. (C) Quantitative RT-PCR analysis was performed for seedlings treated with 300
mM NaCl. (D) Quantitative GUS assay was performed using seedlings treated with 100 utM ABA or 10 uM MV.
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the binary vectors. The expression of RD29A is induced by
dehydration, high salinity and low temperature [31,32,35]
whereas AtINCED3 expression is induced by osmotic stress
[34]. The promoter of RD29A or AtNCED3 was cloned into
pFGL75 (pPZP211-Tnos). The binary vectors containing
RD29A and AtNCED3 promoters were named as pFGL722
and pFGL1213, respectively (Fig. 1A).

In order to confirm that the constructs are able to induce
the target genes properly in plants, GUS reporter gene was
expressed under the control of each promoter (Fig. 1B). GUS
activities were analyzed in the RD29A:GUS and
AtNCED3:GUS plants under various abiotic stress
treatments. GUS activities were increased in the cotyledons
of the RD29A::GUS plants after NaCl, ABA, MV and low
temperature treatments (Fig. 4A). ABA and MV treatments
also induced GUS expression in the hypocotyls and roots
as well as the cotyledons. With the RD29A promoter, GUS
expression was 50-fold, 3-fold and 2.5-fold higher than con-
trol after NaCl, ABA and MV treatments, respectively (Fig.
4B and 4C). Using GUS assay and RT-PCR analysis, it was
confirmed that GUS expression was induced by NaCl, ABA
and MV treatments in the cotyledons of the AtNCED3:GUS
plants (Fig. 5A and 5B).

Discussion

In this study, co-overexpression, tissue-/development-

A

Control NacCl

specific expression and stress-inducible expression binary
vectors were generated for the ectopic expression of target
genes.

It is often necessary to overexpress two different genes
in the same transgenic plant. pFGL1217 was constructed to
co-overexpress two different genes at same time and place
under the control of two modified CaMV 355 promoters.
Transient expression assay using Arabidopsis protoplast
showed that this binary vector would be efficient to over-
express two different genes together (Fig. 2). These results
suggest that the method of generating transgenic plants
overexpressing two different genes using this vector might
reduce cost and time compared with existing methods such
as cross-fertilization and two transformations which are dif-
ficult to select the transgenic plants that overexpress both
genes.

For the tissue-specific or development-specific expression
of target genes, promoters of At253, KNAT1 and LFY genes
were used. With Af253 promoter, GUS activity was found
in the cotyledons and radicle of seedlings at 2 to 21 DAG
but absent in the shoot apex and leaves (Fig. 3A). With
KNATI promoter, GUS activity was observed in the shoot
apical meristem of seedlings but not detected in the leaf pri-
mordial (Fig. 3B). On the other hand, LFY:GUS activity was
found in the leaf primordia of seedlings but absent in the

shoot apical meristem (Fig. 3C). These development- or tis-

Low
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Fig. 5. Analysis of AtNCED3 promoter activities in AtNCED3::GUS-expressing transgenic plants under abiotic stress condition. (A)
GUS activities in 7-day-old seedlings under 300 mM NaCl, low temperature (4°C), 100 uM ABA or 10 uM MV treatments
for 5 hr. (B) Semi-quantitative RT-PCR analysis was performed using seedlings treated with 300 mM NaCl. GAPc was used

as an internal control.



sue-specific expression binary vectors can be used for the
gene expression in a place or time that the gene is not nor-
mally expressed. In addition, the simple overexpression of
target gene driven by a strong promoter such as CaMV 355
promoter sometimes prohibits plants from undergoing the
normal growth and even causes death [27]. These hindrances
can be overcome by tissue-specific or development-specific
binary vectors constructed in this study.

In plants, a number of genes have been reported to be
expressed in response to abiotic stresses such as drought,
high salinity and low temperature. The promoter region of
RD29A, typical abiotic stress marker gene, contains at least
two types of cis-acting elements, two dehydration-re-
sponsive elements (DREs) and one ABA-responsive element
(ABRE) which are involved in ABA-independent and
ABA-responsive gene expression, respectively [31,32,35].
AtNCED3 is involved in an early step in controlling osmotic
stress-induced ABA biosynthesis [34] and is induced by
drought stress. AtNCED3-overexpressing transgenic plants
showed improved drought tolerance [14].

Binary vectors were constructed and tested with abiotic
stress-inducible promoters. With RD29A promoter, GUS ex-
pression in cotyledons was induced strongly by NaCl, ABA,
MV and low temperature treatments (Fig. 4). With AINCED3
promoter, GUS expression was induced moderately in coty-
ledons by NaCl, ABA and MV treatments but was not in-
duced by low temperature (Fig. 5). These stress-inducible
binary vectors can be used to express target genes under
conditions which the genes are not normally expressed. In
some cases, simple overexpression of stress-related genes
under normal condition wastes the energy of plants and hin-
ders plant growth [27]. It is possible to generate transgenic
plants expressing target genes only under stressful con-
ditions using these stress-inducible binary vectors.

Our results showed that the magnitude of stress-in-
ducibility of each vector was different, suggesting that each
vector can be used to express target genes differently de-
pending on the level of expression; binary vector with
RD29A promoter showed strong induction but AtNCED3
promoter was moderate. Taken together, our binary vectors
for stress-inducible expression may be suitable to engineer
stress-tolerant transgenic plants by genetic modification.

In summary, various binary vectors using pPZP backbone
for ectopic expression of target genes were constructed and
they would be very useful to study the biological and molec-
ular functions of target genes in plants.
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