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Roles of Salicylic Acid-responsive Cis-acting Elements and W-boxes in Salicylic
Acid Induction of VCH3 Promoter in Transgenic Tobaccos
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Abstract        A salicylic acid (SA)-inducible VCH3 promoter was recently identified from grapevine (Vitis
amurensis) that contains two inverse SA-responsive cis-acting elements and four W-boxes. To further
demonstrate the roles of these elements, four fragments with lengths from −1187, −892, −589, −276 to
+7 bp were fused with the β-glucuronidase (GUS) reporter gene and transferred to Nicotiana tobacum,
together with another four VCH3 promoter fragments with mutation in the two inverse SA-responsive
elements. The functions of each promoter fragment were examined by analysis of GUS activity in the
transgenic tobacco root treated with SA. Enhanced GUS activity was shown in the roots of transgenic
tobaccos with the VCH3 (−1187)-GUS construct containing two SA-responsive cis-acting elements and
four W-boxes. However, GUS activity directed by the VCH3 (−892)-GUS construct, containing one SA cis-
acting element and four W-boxes, was reduced by up to 35% compared with that in tobaccos transformed
with the VCH3 (−1187)-GUS construct, indicating that the SA cis-acting element plays an important role in
SA induction of the VCH3 promoter. Neither the m2VCH3 (−1187)-GUS nor the mVCH3 (−892)-GUS
construct, with mutation on the SA-responsive elements, abolished the expression of GUS activity, demon-
strating that the W-boxes in the VCH3 promoter are also involved in SA induction. Histochemical analysis of
GUS activity directed by each of the eight VCH3 promoter fragments showed that GUS was expressed
specifically in vascular tissue. It was concluded that both the SA-responsive cis-acting elements and the W-
boxes are important for the SA induction of the VCH3 promoter. This promoter might have a potential use
in plant genetic engineering.
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Salicylic acid (SA) is one of the important signal mol-
ecules involved in disease resistance in plants [1,2]. An
increased level of SA is required to activate the transcrip-
tion of defense genes and to develop an efficient patho-
gen resistance response [3]. In addition, the accumula-

tion of SA and the activation of defense genes, such as
pathogenesis-related (PR) genes, have been reported to
occur after exposure of plants to ozone, ultraviolet
radiation, cold or high salinity [4−6]. Therefore, it is con-
sidered that SA plays a crucial role under either biotic or
abiotic stress, and that SA-inducible promoters might have
an important use in engineering stress-tolerant plants to
drive gene expressions when necessary.

To date, many plant gene promoters induced by SA
have been reported, such as soybean IFS promoter, to-
bacco PR-1a and PR-2d promoters, Gastrodia elata
GAFP-2 promoter and Arabidopsis GST6 promoter [7−
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11]. Of these promoters, the SA-responsive cis-acting el-
ement TGACG, which belongs to the family of activation
sequence-1 elements, is reported to function as a tran-
scriptional enhancer conferring SA inducibility to reporter
genes in transgenic plants [8−10]. The W-box (T)TGAC
(C/T), another cis-acting DNA element found frequently
in the promoter of defense-related genes [12−14], is rec-
ognized specifically by pathogen- or SA-induced WRKY
DNA binding protein [15−17]. Recently, Rocher et al.
reported the W-box was required for full expression of
the SA-responsive gene SFR2 [18]. We previously iso-
lated a 1216 bp VCH3 promoter from grapevine (Vitis
amurensis), which contains two inverse SA-responsive
cis-acting elements and four W-boxes, and is strongly in-
duced by SA.

In the present work, we performed deletion analysis
and site-specific mutagenesis to further demonstrate the
roles of these promoter elements in response to SA in-
duction in the VCH3 promoter. The tissue-specific ex-
pression patterns of the β-glucuronidase (GUS) reporter
gene directed by the wild-type and mutant VCH3 pro-
moter fragments are also discussed.

Materials and Methods

Materials

Escherichia coli strain DH5α,  Agrobacterium
tumefaciens strain LBA4404, binary vector pBI121 and
tobacco (Nicotiana tobacum ) cv. NC89 were used.

Site-directed mutagenesis of SA-responsive cis-act-
ing element

Polymerase chain reaction (PCR)-based site-directed
mutagenesis of the two SA-responsive cis-acting elements
(TGACG) in the VCH3 promoter was performed using
the TaKaRa MutanBest kit (TaKaRa, Dalian, China). For
the downstream SA cis-acting element present at −293
bp relative to the transcriptional start site, PCR was per-
formed using the wild-type VCH3 promoter-inserted plas-
mid as the template, a mutant sense primer A, 5'-AT-
GCGGTTAACTCTTCCTAAG-3', and an antisense primer
B, 5'-GCATTTTCTGACTCATTTCTC-3'. The single mu-
tagenized nucleotide in the sense primer (underlined) re-
sulted in the site mutation of the SA cis-acting element in
the VCH3 promoter. After being blunted and 5' end
phosphorylated, the resulting PCR products were then
self-ligated and transformed into the E. coli cells, which
resulted in the mutant VCH3 promoter containing one mu-

tant SA cis-acting element. Similarly, the single point mu-
tation was introduced in the upstream SA cis-acting
element, which was located at −1181 bp relative to the
transcriptional start site. PCR was performed using the
mutant VCH3 promoter-insert plasmid as the template, a
mutant sense primer C, 5'-TTGCGGTGTACTTTG-
GTTTTTG-3 ' ,  and an ant isense primer D,  5 ' -
TGTGCTTGATTAATGTGTGTGAG-3'. Both mutations
of the SA cis-acting elements in the VCH3 promoter were
verified by sequencing.

Generation of the VCH3 promoter deletion fragments
and plasmid construction

To generate VCH3 promoter-GUS chimera, four wild-
type and mutant VCH3 promoter deletion fragments were
amplified by PCR using the wild-type or mutant VCH3
promoter-inserted plasmid as the template. A total of eight
VCH3 promoter fragments from −1187, −892, −589, −276
to +7 bp relative to the transcriptional start site were gen-
erated using a common 3' oligonucleotide and different 5'
oligonucleotides. The various deletion fragments of the
VCH3 promoter were then cloned upstream of the GUS
coding sequence in the binary vector pBI121. Briefly, PCR
products of the VCH3 promoter fragments were blunted
using Klenow fragment and were subsequently digested
with BamHI. Plasmid pBI121 was cleaved with PstI,
blunted using Klenow fragment, and then digested with
BamHI. The blunt/BamHI VCH3 promoter fragments were
inserted in the blunt/BamHI pBI121.

Transformation of tobacco

The GUS expression cassettes in the binary vector
pBI121 were mobilized into A. tumefaciens strain
LBA4404, which was kindly provided by the College of
Life Sciences, Shandong Agricultural University. Leaf discs
from N. tobacum cv. NC89 were transformed and plants
were regenerated by standard methods [19]. For each
construct, the presence of the GUS gene in transformed
plants was verified by Southern blot analysis. Twelve in-
dependent transformant lines containing one copy of the
chimeric gene were allowed to self-fertilize and seeds were
collected and germinated on MS agar medium with 300
µg/ml kanamycin sulfate. Kanamycin-resistant T2 seed-
lings were used in the following induction.

SA-induction treatments

T2 seedlings at the 4−5 leaf stage were used in SA
induction treatments. The tobacco plant roots were sub-
merged in the MS medium without sucrose but supple-
mented with 1 mM SA at room temperature for 24 h be-
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fore GUS activity was analyzed. In control plants, SA
was replaced by distilled water.

Fluorometric assay of GUS activity

Root samples were homogenized in 0.6 ml chilled lysis
buffer containing 100 mM sodium phosphate (pH 7.0)
and 1 M EDTA to obtain the crude homogenates, and 10
µl aliquots of the homogenates were used for measuring
GUS activity by fluorometric assay as described by
Jefferson et al. [20]. The activity was expressed as the
specific activity in the crude homogenates, that is, pmol
4-methyl umbelliferone·(mg soluble protein)−1·min−1. Pro-
tein concentration was measured by the Bradford method
[21] using bovine serum albumin as standard.

Histochemical analysis of GUS activity

Histochemical analysis of GUS activity was performed
as described by Stomp [22]. Tobacco roots 1–2 cm long
were fixed by immersing them for 30 min in a fixing
solution containing 100 mM sodium phosphate (pH 7.0),
0.1% formaldehyde, 0.1% Triton X-100 and 0.1% 2-
mercaptoethanol. Fixed samples were stained by immers-
ing the roots in a GUS staining solution containing 100
mM sodium phosphate (pH 7.0), 10 mM EDTA, 0.5 mM
K ferrocyanide, 1 mM X-glucuronide and 0.1% Triton
X-100. Tissues were vacuum infiltrated in the staining
solution in order to assure homogeneous infection of the
substrate. After dehydration in 100% ethanol, the tissues
were incubated in toluene for 2 h at room temperature
then embedded in paraffin for sectioning (8−10 µm in
thickness). Pictures were taken from thin sections of to-
bacco roots under a microscope (BX 50; Olympus, Tokyo,
Japan) equipped with the PM-30 automatic photomicro-
graphic system (Olympus, Tokyo, Japan).

Results and Discussion

Promoter elements in the VCH3 promoter and gen-
eration of site-directed mutagenesis of the SA cis-
acting elements

The 1216 bp promoter sequence of chitinase gene VCH3
(GenBank accession number AF441123) was isolated and
the transcriptional start site was identified by primer ex-
tension analysis [23]. Sequence analysis revealed that the
VCH3 promoter contains two inverse SA cis-acting ele-
ments (TGACG) located at −293 and −1181 bp relative to
the transcriptional start site (Fig. 1). In addition, four W-
boxes [(T)TGAC(C/T)] [17−19] were found at −76, −

591, −595 and −767 bp upstream of the transcriptional
start site (Fig. 1).

To generate the mutant VCH3 promoter deletion
fragments, PCR-based site-directed mutagenesis of the
two SA cis-acting elements in the VCH3 promoter was
performed (Fig. 2). The single mutagenized nucleotide
present in the two sense primers resulted in the site muta-
tion of the two inverse SA cis-acting elements (see “Ma-
terials and Methods”). Both mutations of the inverse SA
cis-acting elements, from GCAGT to GCgGT in the VCH3
promoter, were verified by sequencing.

Construction of the VCH3 promoter fragment-GUS
chimera and tobacco transformation

Four wild-type VCH3 promoter fragments and the cor-
responding four mutants with one or two mutated SA cis-
acting element(s) were constructed upstream of the GUS
coding region. This resulted in a total of eight constructs
(Fig. 3), of which VCH3 (−1187)-GUS represented the
maximal wild-type fragment containing two SA cis-act-
ing elements and four W-boxes. m1VCH3 (−1187)-GUS
and m2VCH3 (−1187)-GUS were the corresponding mu-
tants which contained one and two mutated SA cis-acting
element(s), respectively. Both the VCH3 (−892)-GUS and
VCH3 (−589)-GUS fragments contained one SA cis-act-
ing element, and four and one W-box(es), respectively,
and mVCH3 (−892)-GUS and mVCH3 (−589)-GUS were
the corresponding mutants, within which the SA cis-act-
ing element was replaced by the mutated one. VCH3 (−
276)-GUS represented the minimal fragment that contained
only one W-box. All the constructs were transferred to N.
tobacum cv. NC89 by A. tumefaciens-mediated leaf discs
transformation, and 12 independent transgenic lines were
obtained for each construct.

Fig. 1        Promoter elements in the VCH3 promoter
The two inverse salicylic acid (SA) cis-elements (TGACG) and four W-boxes [(T)
TGAC(C/T)], as well as their locations, are shown in the scheme of the VCH3
promoter. * The introduced single point mutation in the two SA cis-elements.
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Fig. 2        Scheme of the polymerase chain reaction (PCR)-based site-directed mutagenesis for the inverse salicylic acid (SA) cis-
acting element TGACG

The VCH3 promoter inserted into the pGEM-T easy vector is indicated by vertical stripes. * The introduced single point mutation in the sense primer.

Fig. 3        Structures of wild-type and mutant VCH3 promoter fragment-βββββ-glucuronidase (GUS) chimera
The 5' end point of each VCH3 promoter fragment is indicated in the figure. VCH3 (−1187)-GUS contains two salycilic acid (SA) cis-acting elements and four W-
boxes, whereas m1VCH3 (−1187)-GUS and m2VCH3 (−1187)-GUS contain one and two mutant SA cis-acting element(s) and four W-boxes, respectively. Both VCH3
(−892)-GUS and VCH3 (−589)-GUS contain one SA cis-acting element and four and one W-box(es), and the mVCH3 (−892)-GUS and mVCH3 (−589)-GUS contain
one mutant SA cis-acting element and four and one W-box(es), respectively. VCH3 (−276)-GUS contains only one W-box. The 1 bp mutation within the inverse SA
cis-acting elements (TGACG) is indicated by lowercase letters, and the W-boxes are indicated by ovals with diagonal lines.
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Fluorometric analysis of GUS activities in transgenic
tobacco roots induced by SA

GUS activity directed by the different VCH3 promoter
fragments was investigated in the SA-treated roots of
transgenic tobaccos transformed with the VCH3 promoter
fragment-GUS constructs. Enhanced GUS activity was
detected in the roots of the transgenic tobaccos trans-
formed with the VCH3 (−1187)-GUS construct contain-
ing two SA-responsive cis-acting elements and four W-
boxes (Fig. 4). However, GUS activity, directed by the −
892 bp promoter fragment containing one SA cis-acting
element and four W-boxes, decreased by up to 35% com-
pared with that in tobaccos transformed with the VCH3
(−1187)-GUS construct. In addition, the m1VCH3 (−
1187)-GUS construct, with mutation on one of the SA
cis-acting elements within the VCH3 promoter fragment,
reduced GUS activity to a level close to those found in
transgenic plants transformed with the VCH3 (−892)-GUS
construct, indicating the SA cis-acting element plays an
important role in SA induction of the VCH3 promoter. It
was noted that GUS activity in tobaccos transformed with
the VCH3 (−589)-GUS construct containing one SA cis-
acting element and one W-box showed a strong reduction
compared with that in tobaccos transformed with the
VCH3 (−892)-GUS construct, suggesting that the W-

boxes also conferred the SA inducibility of the VCH3
promoter. However, the m2VCH3 (−1187)-GUS and
mVCH3 (−892)-GUS constructs, with mutations on all of
the SA cis-acting element(s) in their promoter fragment,
did not abolish but showed a similar expression of GUS
activity, further demonstrating that the W-boxes in the
VCH3 promoter are involved in the activity of SA
inducibility. Taken together, these results demonstrated
that both the SA-responsive cis-acting elements and the
W-boxes confer the SA induction of the VCH3 promoter.

The TGA family of transcription factors is known to
bind to SA-responsive elements in the PR-1 promoter [9].
In addition, numerous in vitro and in vivo experiments
have demonstrated that WRKY proteins specifically bind
to the W-box in the promoters of those early defense-
response genes [12−14]. Our present study demonstrated
that the two SA-responsive elements and four W-boxes
located in the VCH3 promoter (Fig. 1) were related to the
activity of SA induction. Therefore, we suggest that some
TGA family members of transcription factors and WRKY
proteins might bind to the SA-responsive elements or W-
boxes in the VCH3 promoter. Further analysis will be
needed to decide how these cis elements interact with the
TGA family of transcription factors or WRKY proteins to
mediate the SA inducibility of the VCH3 promoter.

Histochemical analysis of GUS activity in transgenic
tobacco roots induced by SA

The transgenic tobacco roots expressing the VCH3 pro-
moter fragment-GUS construct were treated with SA, and
cross-sections were made from the resultant SA-treated
tobacco transgenic roots (Fig. 5). GUS activities directed
by all of the VCH3 promoter fragments were observed to
be more active in vascular tissue than that in outer and
inner cortexes, including the mutant VCH3 promoter de-
letion fragments containing one or two mutant SA cis-
acting element(s). To date, many plant gene promoters
induced by SA have been characterized [7−11]. However,
few promoters have been reported to confer both SA-
inducible and tissue-specific expression patterns [8]. In
this study, we showed that the VCH3 promoter was
strongly induced by SA and specifically expressed in to-
bacco vascular tissue, which indicated that efficient ge-
netic engineering could be performed to design an appro-
priate gene expression system by using this SA induction
of the VCH3 promoter to drive gene expression in vascu-
lar tissues when required. Also, and especially, this could
drive the expression of plant disease-resistant genes, be-
cause many pathogens can spread rapidly throughout the
plant once they penetrate the vascular system. Hence, this

Fig. 4        Induction of βββββ-glucuronidase (GUS) activity in the
roots of transgenic tobacco treated by salicylic acid (SA)
Transgenic tobacco roots were used for the GUS assays 24 h after treatment with
1 mM SA. At least 12 independent T2 transformed plant lines were used for each
test, and bars represent standard errors.
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expression pattern of the VCH3 promoter might enhance
the protection of such vulnerable tissues in response to
pathogen infection.
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Fig. 5        Histochemical localization of βββββ-glucuronidase (GUS) activity in cross-sections of transgenic tobacco roots induced by
salycilic acid (SA)
Pictures are taken from thin sections of transgenic tobacco roots carrying: (A) VCH3 (−1187)-GUS construct; (B) m1VCH3 (−1187)-GUS construct; (C) m2VCH3 (−1187)-
GUS; (D) VCH3 (−892)-GUS construct; (E) mVCH3 (−892)-GUS construct; (F) VCH3 (−589)-GUS construct; (G) mVCH3 (−589)-GUS construct; (H) VCH3 (−276)-GUS
construct; (I) SA-untreated control. OC, outer cortex; IC, inner cortex; V, vascular system. Magnification, 30×.
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