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Abstract
To develop a new strategy that controls vascular pathogen infections in economic crops, we examined a possible enhancer of 
the vascular activity of XYLOGEN PROTEIN 1 promoter (Px). This protein is specifically expressed in the vascular tissues 
of Arabidopsis thaliana and plays an important role in xylem development. Although Px is predicted as vascular-specific, 
its activity is hard to detect and highly susceptible to plant and environmental conditions. The cauliflower mosaic virus 35S 
promoter (35S) is highly active in directing transgene expression. To test if 35S could enhance Px activity, while vascular 
specificity of the promoter is retained, we examined the expression of the uidA reporter gene, which encodes β-glucuronidase 
(GUS), under the control of a chimeric promoter (35S-Px) or Px by generating 35S-Px-GUS and Px-GUS constructs, which 
were transformed into tobacco seedlings. Both 35S-Px and Px regulated gene expression in vascular tissues. However, GUS 
expression driven by 35S-Px was not detected in 30- and 60-day-old plants. Quantitative real-time PCR analysis showed 
that GUS gene expression regulated by 35S-Px was 6.2–14.9-fold higher in vascular tissues than in leaves. Histochemical 
GUS staining demonstrated that 35S-Px was strongly active in the xylem and phloem. Thus, fusion of 35S and Px might 
considerably enhance the strength of Px and increase its vascular specificity. In addition to confirming that 35S enhances 
the activity of a low-level tissue-specific promoter, these findings provide information for further improving the activity of 
such promoters, which might be useful for engineering new types of resistant genes against vascular infections.

Keywords  Plant vascular pathogens · XYLOGEN PROTEIN 1 · CaMV 35S promoter · Chimeric promoters · Promoter 
engineering

Introduction

Vascular pathogens can infect a wide range of economic 
crops, may destroy vascular tissues, and spread quickly 
throughout the whole plant via xylem vessels, causing large-
scale wilting symptoms and plant death (Mansfield et al. 
2012). The control of vascular bacterial and fungal diseases 
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mainly depends on breeding resistant varieties, which is a 
lengthy and continuous process as resistance may soon be 
lost due to the emergence of new pathovars. The discov-
ery of resistance genes, such as antimicrobial T4 lysozyme 
(During 1993; Rivero et al. 2012), cecropins (Florack et al. 
1995), avirulence (avr) Xa21(Wang et  al. 1996), avrA 
(Lorang et al. 1994), and quenching quorum-sensing aiiA 
(Dong et al. 2002), provides an alternative method for con-
trolling microbial vascular infections by genetic engineering. 
A new type of resistance genes, such as aiiA (Dong et al. 
2002), is expected to play a role against pathogen infec-
tions, although these genes not necessarily present higher 
expression under vascular infection conditions. Identifica-
tion of low-level promoters that can regulate the transgenic 
economic expression of resistance genes in plant vascular or 
xylem tissues is critical for using these new types of resist-
ance genes against microbial vascular infections.

The promoter of XYLOGEN PROTEIN 1 (Px) is pre-
dicted to be xylem-specific, as the Arabidopsis thaliana 
XYLOGEN PROTEIN 1 (AtXYP1) plays an important role 
in xylem development (Fukuda 2004) and its homologous 
protein in Zinnia elegans (ZeXYP1) is located in xylem 
cells (Motose et al. 2004). However, it remains unknown 
whether Px can direct gene expression in plant vascular 
tissues. Bioinformatics revealed that Px contains three cis-
elements involved in salicylic acid (SA) response, namely, 
two TCA elements (Tyagi et al. 2005) and one ocs-element, 
responsible for SA binding (Zhang and Singh 1994; Gómez-
Ros et al. 2012). Salicylic acid is a phenolic compound that 
plays an important role in plant growth as well as in defense 
response against pathogens (Boatwright and Pajerowska-
Mukhtar 2013; Campos et al. 2014). Thus, Px might be 
involved in vascular/xylem-specific and SA-inducible 
expression of resistance genes against vascular-invading 
microbes and be modified by genetic engineering.

However, there are few reports on SA response by vas-
cular-specific promoters, even for those extensively investi-
gated such as the phenylalanine ammonia-lyase (PAL) gene 
promoters from loblolly pine and poplar (Gray-Mitsumune 
et al. 1999; Osakabe and Chiang 2009), the celery coenzyme 
A ligase (4CL) gene promoter (Hauffe et al. 1993), and the 
glycine-rich protein glucuronidase (GRP1.8) gene promoter 
(Keller et al. 1989; Keller and Heierli 1994). Moreover, few 
reports have considered using vascular promoters in vascular 
disease protection.

A study using a Px-β-glucuronidase (GUS) gene-fusion 
construct indicated that Px presented a low total expression 
in plant organs, and suggested that its expression is more 
concentrated in the xylem (Kobayashi et al. 2011) compared 
with that of promoters with stronger GUS visible activity 
(Bevan et al. 1989; Hauffe et al. 1991; Osakabe and Chiang 
2009; Xu et al. 2018). Although few studies have considered 
the improvement of tissue-specific plant promoters such as 

Px to avoid susceptibility associated with circumscribed 
tissues and lower expression, improved synthetic promot-
ers are important tools to fine-tune gene expression in plant 
biotechnology to meet the challenges of modern agriculture 
(Liu et al. 2013).

The constitutive cauliflower mosaic virus (CaMV) 35S 
promoter (here termed 35S) is well-known for its high activ-
ity in directing transgene expression in all tissues (Odell 
et al. 1985), although resulting in some side effects (Robert 
et al. 2013). The 35S truncated at − 89 has been used to 
test specificity upstream of other promoter elements (Kel-
ler and Heierli 1994; Liu et al. 2003), and using 35S with 
two upstream enhancers (at − 460) increased its activity 
by three fold. Combining 35S with the mannopine synthase 
(MAS) promoter (region from + 65 to − 301) can increase 
its activity about sixfold in relation to that observed with 
enhancers (Comai et al. 1990). These results suggest that 
the interaction of two different promoters can increase their 
activity. However, there are few reports on whether using the 
35S full-length promoter upstream from lower level tissue-
specific promoters can enhance gene expression and main-
tain the tissue specificity of the promoter.

In the present study, we tested if fusing Px and 35S pro-
moters could retain the tissue specificity of Px and enhance 
transgene expression.

Methods

Promoter construction and cloning

For identifying the effective promoter region of AtXYP1 (i.e., 
At5g64080), we analyzed the non-coding region upstream 
the gene using PLANTCARE (Lescot et al. 2002; Rombauts 
et al. 1999) and JASPAR (Sandelin et al. 2004).

Total genomic DNA was extracted from three A. thaliana 
samples using the Tiangen plant DNAeasy kit (TransGen 
Biotech, Beijing, China). A fragment of about 2.4 kb of the 
Px promoter of AtXYP1 (At5g64080) was then PCR ampli-
fied using primers Px-3, 5′-GCT​CTA​GATTC​AAG​CTT​AGA​
CCA​AGC​CG-3′, and Px-5, 5′-CAT​GGT​ACC​GCT​CGA​
AAA​CGA​AGG​ATA​AACA-3′ (underlined sequences are 
XbaI and KpnI restriction enzyme sites, respectively) and 
the extracted genomic DNA samples. Promoter Px was then 
cloned into the plant expression vector pBI121-35S-GUS 
(35S) (Fig. 1) to generate the expression construct pBI121-
35S-Px-GUS (designated as Z5) (Fig. 1). The fragment cor-
responding to promoter 35S was removed from construct Z5 
using the restriction enzymes HindIII and XbaI, resulting in 
the single promoter construct pBI121-Px-GUS (designated 
Z4) (Fig. 1).

The generated constructs were verified by PCR analysis 
using primers Px-3 and Px-5, and the Px PCR fragments 
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were sequenced (Thermo Fisher Scientific, Shanghai, 
China).

Transgenic plant generation and selection

Constructs Z4, Z5, and 35S were transformed into the Agro-
bacterium tumefaciens strain GV3101 by the freeze and 
thaw method. Briefly, competent bacteria were freeze-dried 
in liquid nitrogen, thawed in a water bath at 37 °C (5 min), 
and then frozen in an ice bath (5 min). Leaf discs of Nico-
tianatabacum variant K326 were transformed as previously 
described (Horsch 1985). Transformed tobacco callus tissues 
and seedlings were selected based on kanamycin resistance, 
which was encoded by the nptII gene included in the expres-
sion cassette (Fig. 1), using a Murashige and Skoog medium 
containing 100 mg/L kanamycin and 400 mg/L cefotaxime. 
Wild-type (WT) tobacco leaf discs were used as negative 
controls in the selection of transgenic lines. Transgenic 
explants were grown at 25 °C under a 16/8 h light/dark 
cycle until 8 cm height and then potted and maintained in a 
greenhouse at 25 °C. For each construct, 13–15 independent 
tobacco transgenic lines were obtained and analyzed.

For verification of transgenic plants, total genomic DNA 
was isolated from the leaves of kanamycin-resistant tobacco 
lines using the Tiangen plant DNAeasy kit (TransGen Bio-
tech, Beijing, China). The presence of Px and GUS gene 
uidA sequences in the transgenic plants was verified by PCR 
analysis with the uidA primer pairs GUS17-F (5′-TGG​ATC​
GCG​AAA​ACT​GTG​GA-3′) and GUS17-R(5′-TCA​TTG​TTT​
GCC​TCC​CTG​CT-3′) and the Px primer pairs Px-5 and Px-3.

Gene expression analysis

Vascular tissues containing primary veins were isolated from 
the area between the first and second leaf of young stems 
of various transgenic lines, and total RNA was extracted 
using the EASY spin plus plant RNA Kit (Aidlab, Beijing, 
China) following the manufacturer’s instructions. Residual 
genomic DNA removal and cDNA synthesis were performed 
using the TRAN Easy Script kit (TransGen Biotech, Bei-
jing, China) following the manufacturer’s instructions. 
Reverse transcription (RT)-PCR amplification of uidA was 
performed using the TransTaq High Fidelity (HiFi) PCR 
Supermix (TransGen  Biotech, Beijing, China ) and the 
forward and reverse primers GUS90-F (5′-TGG​CAG​TGA​
AGG​GCG​AAC​-3′) and GUS90-R (5′-CGG​TCG​CGA​GTG​
AAG​ATC​C-3′).A tubulin gene (GenBank accession number: 
LOC107797065) fragment of about 250 bp was amplified as 
a loading control using primers TU-F (5′-GAC​GAC​CAA​
AGC​CAG​TAA​AG-3′) and TU-R (5′-CCG​GGT​GAA​GGT​
TAT​CTC​TA-3′).

Quantitative real-time PCR (qPCR) was performed using 
the Luna Universal qPCR Master Mix (New England Bio-
labs, Ipswich, MA, USA) and 0.5 µL of synthesized cDNA 
as template following the manufacturer’s protocol. Several 
reference genes, namely, 18S ribosomal RNA, β-actin2, 
elongation factor1α, ubiquitin, and tubulin, were compared 
in pre-experiments. Tubulin was selected as the refence gene 
for the qPCR because this gene is stably expressed in vascu-
lar tissues and leaves, with a similar amplification efficiency 
to that of uidA. The forward GUS77-F (5′-GAC​GAC​CAA​
AGC​CAG​TAA​AG-3′) and the reverse GUS77-R(5′-CCG​
GGT​GAA​GGT​TAT​CTC​TA-3′) primers, specific for the 
uidA coding sequence, were used in the qPCR analysis. The 
amplified fragment was 176 bp in length. The GUS calibra-
tion curve showed a correlation coefficient (r2) of 0.995 and 
a − 3.302 slope, and amplification efficiency was 100.84%. 
The tubulin calibration curve displayed an r2 of 0.993 and a 
− 3.429 slope, and the amplification efficiency was 95.77%. 
Relative fold changes were calculated using the comparative 
CT method (Schmittgen and Livak 2008; Bustin et al. 2009).

Transcription expression on vascular and leaf tissues 
was analyzed by SPSS 14 (IBM, Armonk, NY, USA) based 
on paired-samples t test and one-way analysis of variance 
(ANOVA) followed by Duncan’s comparisons. Significance 
was established at P < 0.05.

Protein extraction and immunoblot analysis

Immunoblotting was performed as previously described 
(Janes 2015) with minor modifications. Briefly, the vas-
cular tissues of young stems between the first and fourth 
leaves and their primary veins were cut and frozen in liquid 
nitrogen. Proteins were extracted using the RIPA lysis buffer 
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Fig. 1   Structure of expression vectors used in this study. (35S) Con-
struct 35S in which the GUS reporter gene uidA was under the con-
trol of 35S promoter. (Z5) Construct Z5 in which uidA was under 
the control of chimeric promoter 35S-Px. (Z4) Construct Z4 in 
which uidA was driven by Px promoter. Symbol: Px, the promoter of 
AtPxy1; uidA, the gene encoding β-glucuronidase (GUS); P35S, cau-
liflower mosaic virus 35S promoter; Pnos, the promoter of nopaline 
synthase; nptII, neomycin phosphotransferase gene; ter, nopaline syn-
thase transcription terminator
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with the Protease Inhibitor Cocktail (both Cell Signaling 
Technology Inc., Beijing, China) following the manufactur-
er’s instructions. Protein concentration was measured with 
the Pierce Bradford Kit (Thermo Fisher Scientific). Each 
protein sample (about 30 µg) was loaded and separated by 
electrophoresis on a 5–10% gradient sodium dodecyl sulfate 
polyacrylamide gel (SDS–PAGE) (Bio-Rad, Hercules, CA, 
USA). After completion of electrophoresis, proteins were 
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad), and then incubated with the primary anti-
body anti-β-glucuronidase (1:1000 dilution; Sigma–Aldrich, 
St. Louis, MI, USA) or with anti-β-actin-HRP anti serum 
(1:10,000 dilution; Shanghai Kangchen Technology Co. 
Ltd., Shanghai, China; loading control). The PVDF mem-
brane was then incubated with the anti-rabbit secondary 
antibody (1:10,000 dilution; Sigma Aldrich), followed by 
detection using the Super Signal West Pico Chemilumines-
cent substrate (Pierce, Thermo Fisher Scientific).

Quantitative GUS activity assay

For quantifying GUS activity, soluble proteins were 
extracted from vascular tissues (containing leaf vein and 
stem between the first and second node) using a buffer 
(pH 7.5) containing 50 Mm NaH2PO4 (pH 7.0), 10 mM 
EDTA, 0.1% Triton X-100, 0.1% sodium lauroyl sarcosine, 
and 10 mM 3-mercaptoethanol (Jefferson et al. 1987). The 
extracts were centrifuged at 4 °C and 10,000×g for 30 min 
and the resulting supernatants were filtered and condensed 
using an Amicon Ultra-15 30K (Merck Millipore, Burl-
ington, MA,USA) filter to remove small molecules, which 
might produce auto-fluorescence. Protein concentrations 
were determined using the Bradford Kit (Pierce, Thermo 
Fisher Scientific). A fluorescent assay was performed for 
quantifying GUS activity from the extracted vascular pro-
tein samples using 1 mM 4-methylumbelliferyl glucuronide 
(Sigma Aldrich) as substrate. The enzymatic reaction was 
performed at 37 °C for 4 h and stopped with 900 µL ice-cold 
0.2 M Na2CO3. Fluorescence was measured on a SYNERGY 
microplate reader (BioTek, Winooski, VT, USA) at 365 nm 
(excitation wavelength) and 455 nm (emission wavelength). 
Experiments were performed in triplicate (biological repli-
cates) and enzyme activity was based on a standard curve 
(Y = 227.79X + 660.04, r2 = 0.99) of fluorescence intensity 
and 4-methylumbelliferone (4-MU) concentration. Data are 
mean enzyme activity ± standard deviation. Statistical analy-
ses (t tests) were conducted using SPSS 14.

Histochemical GUS staining

Vein pieces (0.5 cm) were fixed in 90% ethanol for 30 min, 
washed 3–5 times with 100 mM phosphate buffer (pH 8.0), 
and then incubated at 45 °C for 8 h in a buffer containing 

2  mg/mL 5-bromo-4-chloro-3-indolyl-β-D-glucuronide 
(X-gluc) (Jefferson et al. 1987), 1 mM K3[Fe(CN)6], 1 mM 
K4[Fe(CN)]6, 20 mM EDTA, and 20% methyl alcohol. Dehy-
drated materials were then embedded in paraffin and cut into 
10-µm slices with a rotary microtome. Slices were dewaxed, 
counter-stained with 0.1% safranin for 10 s, and further dehy-
drated and mounted in Permount TM Mounting Medium 
(Sanson Biotech Company, Shanghai, China). Plant tissues 
were then observed and photographed under a light micro-
scope equipped with a digital camera (ZEISS, Oberkochen, 
Germany) at 50× and 100× magnifications. Stained xylem 
vessel elements were counted at 100× magnification. Data are 
averages of three sections from three Z4 lines.

Results and discussion

Promoter analysis and generation of transgenic 
tobacco lines

Because Px probably drives xylem-specific expression of 
xylogen protein, as evidenced by the function of protein 
AtXYP1 and immunoblot analysis results obtained for its 
homologue ZeXYP1 (Motose et al. 2004), we cloned Px and 
analyzed its expression before examining the enhanced vas-
cular expression provided by the chimeric promoter 35S-Px.

The 2.2 kb fragment upstream of Px contains several core 
promoter elements (Fig. S1), including the putative CAAT 
box “GGC​CAT​” (− 1305 to − 1300 bp) and the TATA box 
“TAT​ATA​A” (− 1020 to − 1014 bp), and two element “TCA​
CCA​ACC” (− 1140 to − 1132 bp and − 1601 to − 1608 bp) 
responsible for the vascular-specific activity in PAL and 4CL 
promoters (Hauffe et al. 1993; Osakabe and Chiang 2009). 
In addition, this region contained the elements involved 
in SA response, such as TCA elements (− 106 to − 99 bp, 
− 1127 to − 1120 bp) (Tyagi et al. 2005) and ocs-elements 
(− 246 to − 239 bp, − 1765 to − 1758 bp) (Zhang and Singh 
1994; Gómez-Ros et al. 2012). Because the coding region 
of AtXYP1 may also contain regulatory elements, 177 bp 
of this region were included in the analysis of Px (Fig. S1).

The successful introduction of target sequences in con-
structs Z5 and Z4 was verified by PCR using primers spe-
cific for uidA and Px, which showed that all Z4 lines (14), 
12 of the 13 Z5 lines, and all the 35S lines integrated the 
exogenous GUS sequence into their genomes (Fig. S2a–c). 
The Px sequence was also detected in the 14 Z4 lines and in 
12 of the 13 Z5 lines (Fig. S2a, b).

Chimeric 35S‑Px and Px promoters drive uidA 
expression in vascular tissues

To test if uidA was expressed in the vascular tissues of trans-
genic lines, we extracted total RNA from their vascular tis-
sues and used it for RT-PCR analysis. Transcripts of uidA 
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were detected in lines Z4-5, -6, -11, -12, -13, and -14, in 
lines Z5-1, -2, -3, -4, -5, -8, -10, and -12, and in lines 35S-3, 
-4, and -6 (Fig. 2). Based on the intensity of the bands of 
RT-PCR products, uidA expression levels were highest in 
35S transgenic lines followed by Z5 (35S-Px) and Z4 (Px) 
lines (Fig. 2).

Next, we examined the expression of the protein encoded 
by uidA, i.e., GUS, in vascular tissues using the transgenic 
lines 35S-4 and -6, Z5-2 and -5, Z4-11 and -12, as these 
showed relatively higher levels of uidA transcription accord-
ing to the RT-PCR analysis. The GUS protein was detected 
in the six selected transgenic lines, while WT lines showed 
no signal (Fig. 3). The detected bands were of the same 
molecular mass (68 kDa) as that of the bacterial GUS pro-
tein (Jefferson et al. 1987). GUS expression was highest in 
35S transgenic lines, followed by that in Z5-2, Z4-11, Z4-12, 
and Z5-5, in this order, although no statistical difference was 
detected. In general, these results agreed with the quantita-
tive transcriptional assay, except for the transgenic line Z5-5, 
whose GUS enzyme activity level was lower than expected 
based on the transcriptional assay (Fig. 2).

According to the results of RT-PCR and immunoblotting, 
uidA was expressed in the vascular tissues of the tested Z5 
and Z4 transgenic lines, suggesting that both 35S-Px and Px 
drive gene expression in vascular tissues.

The chimeric 35S‑Px promoter expands Px vascular 
specificity

Promoter activity and specificity in transgenic tobacco were 
assessed based on the activity of GUS. Young transgenic 
tobacco plants (30 and 60-old) were stained using the GUS 
substrate X-gluc; WT plants were used as negative controls. 
Clear GUS activity was detected in all the 35S-transformed 
lines, mostly in leaves, but it was hardly visible in all veg-
etative organs of transgenic lines with high GUS transcrip-
tion expression (i.e., Z5-1, -2, and -5; Z4-11, -12, and -14; 
Fig. 4).

Because uidA expression levels were relatively low in Z5 
and Z4 lines and it was difficult to compare promoter activity 
among plant organs based on GUS staining, we performed 
a qPCR to analyze the expression pattern of uidA under the 
control of promoters 35S-Px and Px based on the total RNA 
extracted from the leaves (the primary vein was removed) of 
Z4 and Z5 transgenic lines. As shown in Fig. 5, the relative 
expression of uidA in Z5 and Z4 seedlings was 6.2–14.9-fold 
(P = 0.001) and 2.2–2.8-fold (P = 0.001) higher in vascular 
tissues than in leaf tissues, respectively. Because the leaf 
tissues used in this assay contained secondary and minor 
veins, which were difficult to separate and remove, the basal 
expression level of uidA in leaf tissues might, at least par-
tially, be influenced by these minor veins. The above results 
suggest that uidA expression driven by the chimeric pro-
moter 35S-Px and by Px is more concentrated in internal 
vascular tissues (e.g., xylem) than in other tissues.

To examine the specific vascular location of the expressed 
GUS enzyme driven by 35S-Px and Px, X-gluc–stained 
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Fig. 2   Transcription analysis of β-glucuronidase (GUS) reporter gene 
uidA expression in the vascular tissues of transgenic tobacco plants: 
In lines, Z4 uidAis regulated by the promoter of Arabidopsis thaliana 
XYLOGEN PROTEIN 1; in lines, 35S uidA is regulated by the cau-

liflower mosaic virus 35S promoter; in lines, Z5 uidA is regulated by 
the chimeric promoter 35S-Px. M, DNA markers; W, wild type (nega-
tive control). The endogenous tubulin gene was amplified under the 
same conditions as a loading control

Fig. 3   Immunoblot analysis of β-glucuronidase (GUS) expression in 
the vascular tissues of transgenic tobacco plants: In lines 35S, uidA is 
regulated by the cauliflower mosaic virus 35S promoter; in lines Z4, 
uidA is regulated by the promoter of Arabidopsis thaliana XYLO-
GEN PROTEIN 1; in lines Z5, uidA is regulated by the chimeric 
promoter 35S-Px.M, protein markers; W, wild type tobacco (negative 
control). The endogenous actin protein was detected using an actin-
specific antibody and used as a loading control
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cross-sections of the vascular tissues of the second young 
leaves from transgenic Z5-1, -2, and -5 and Z4-11, -12, and-
14 seedlings were observed under the microscope. Although 
GUS activity was observed in the vascular tissues of all 
transgenic lines tested (Fig. 6), Px showed xylem-specific 
expression. While no obvious blue color was observed in 
WT tissues (Fig. 6a), blue staining was observed in some 
xylem vessel elements (Fig. 6b, c). Weaker GUS staining 
was observed in phloem (p), parenchymal cells (pc), and 

cortex of Z4 leaves, also indicating that Px is xylem-specific. 
Enhanced GUS expression driven by 35S-Px was clearly 
observed in xylem vessel elements and phloem, but it was 
weaker in parenchyma cells and cortex (Fig. 6d, e, f). Over-
all, our results showed that, in Z5 lines, the 35S-Px promoter 
displayed stronger activity in phloem cells than the single Px 
promoter, while maintaining vascular specificity.

In contrast, GUS staining was extremely variable in 35S 
lines, as it was observed in all (Fig. 6g) or in part of the 

Fig. 4   Histochemical activity of β-glucuronidase (GUS) in transgenic 
plants: a–d 60-day-old transgenic tobacco plants belonging to lines 
Z4, Z5, and 35S, and wild-type (WT), respectively; e–k 30-day-old 
transgenic tobacco plants belonging to lines Z4, Z5, and 35S, and 
WT, respectively. In lines Z4, uidA is regulated by the promoter of 
Arabidopsis thaliana XYLOGEN PROTEIN 1; in lines 35S, uidA is 

regulated by the cauliflower mosaic virus 35S promoter; in lines Z5, 
uidA is regulated by the chimeric promoter 35S-Px. All the transgenic 
lines listed in Fig. 3 were stained and their representatives are shown 
here. Plants were stained in a buffer containing GUS substrate X-gluc 
(2 mg/mL) at 37 °C for 8 h

Fig. 5   Quantitative PCR analysis of β-glucuronidase (GUS) tran-
scriptional expression in vascular and leaf tissues: In lines Z4, uidA 
is regulated by the promoter of Arabidopsis thaliana XYLOGEN 
PROTEIN 1; In lines Z5, uidA is regulated by the chimeric promoter 
35S-Px. WT, wild-type tobacco; V, vascular tissues of 50- to 60-day-

old plants; L, leaves with main vein removed. Experiments were per-
formed in triplicate (biological replicates) and data represent mean 
relative expression ± standard deviation. Transcription expression 
between vascular and leaf tissues (paired-samples t-test): For Z4 and 
Z5lines, *** P = 0.001
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vascular tissues. Thus, the GUS expression driven by 35S 
was random even among lines.

Chimeric 35S‑Px enhances vascular expression level

We tested the relative enhancement provided by 35S-Px in 
relation to Px using RT-PCR. Results showed that, while 
the transcriptional expression levels of the reporter gene 
uidA in the vascular tissues of the three Z4 lines were simi-
lar, variations in uidA transcription were obvious among 
the three Z5 transgenic lines: it was significantly higher 
in Z5-2 (P = 0.000) than in Z5-1 and Z5-5 lines, and did 
not differ between these two lines (P = 0.11) (Fig. 7a); this 
trend is similar to that found in the immunoblot analysis 
(Fig. 3). Notably, the uidA expression levels in the vascu-
lar tissues of the three Z5 transgenic lines (35S-Px) were 
significantly higher (3.97–10.05-fold) than in the Z4 trans-
genic lines (Px) (P = 0.000) (Fig. 5a).

To verify the above findings, we conducted a quanti-
tative enzymatic assay to determine GUS activity in the 
transgenic lines using 4-MU as the reaction substrate (Jef-
ferson et al. 1987). Generally, the results agreed with that 
of the quantitative transcriptional assay, except for Z5-1, 
as its GUS enzyme activity level was lower than expected 
based on the transcriptional assay. Enzyme activities in 
the other two Z5 lines were about 3.06–9.92-fold higher 
(P = 0.000) than in Z4 transgenic lines (Fig. 7b).

Conclusions

The present study identified and characterized the chi-
meric 35S-Px promoter and the Px promoter of the gene 
encoding AtXYP1 based on bioinformatics and trans-
genic tobacco plants generated using 35S-Px-uidA and 
Px-uidA reporter gene constructs. Results showed that 
35S-Px enhanced the expression of uidA in vascular tis-
sues compared to that displayed under the control by Px. 
Histochemical staining of GUS activity of vein sections 
from Z5 (35S-Px) transgenic plants evidenced that GUS 
was mainly active in the xylem and phloem of vascular 
tissues. This expression pattern agrees with the function 
reported for the AtXYP1 protein, which is responsible for 
direct xylogen accumulation in xylem-differentiated ele-
ments (Fukuda 2004; Motose et al. 2004). The low expres-
sion level of the reporter gene driven by Px is similar to 
the expression pattern of XYP1 in A. thaliana (Kobayashi 
et al. 2011), thereby suggesting that the Px identified in 
the present study is an intact and functional promoter 
maintaining its original characteristics and strength. Our 
results also showed that the tandem 35S-Px promoter 
displayed enhanced phloem specificity compared to the 
xylem expression of the Px promoter. This agrees with the 
35S domain (− 89 to − 460) containing strong vascular-
specific elements (Benfey et al. 1989, 1990). The strength 
of 35S-Px is substantially higher than that of Px. Thus, 

Fig. 6   Histochemical stain-
ing of β-glucuronidase (GUS) 
and microscopic observations. 
a non-transgenic tobacco; b 
transgenic line Z4-12, uidA is 
regulated by the promoter of 
Arabidopsis thaliana XYLO-
GEN PROTEIN 1; c enlarge-
ment of the xylem in (b) 
showing GUS enzyme activity 
in xylem elements; d transgenic 
line Z5-2, uidA is regulated by 
the chimeric promoter 35S-Px; 
e enlargement of the xylem in 
(d) showing GUS enzyme activ-
ity in xylem elements; f enlarge-
ment of the external phloem in 
(d) showing GUS enzyme activ-
ity in phloem cells; g transgenic 
line 35S-6, uidA is regulated 
by the cauliflower mosaic 
virus 35S promoter. Tobacco 
vein sections were stained 
with X-gluc. Scale bar = 100. x 
xylem; p phloem; M meristem; 
xp xylem ray parenchymal cell; 
pc parenchymal cell
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placing the full-length 35S promoter upstream the xylem-
specific promoter Px enhances its strength and expands its 
vascular specificity.

In summary, the fusion of the intact 35S promoter to 
the Px promoter can expand the vascular specificity of Px 
and substantially improve its strength. According to previ-
ous and present results, the enhancement provided by the 
tandem promoter is closely related to promoters’ activity, 
length, and interaction (Benfey et al. 1990; Comai et al. 
1990; Liu et al. 2003).The strength of Px might be further 
improved by removing certain repressor elements or cis-
elements as previously reported (Hauffe et al. 1993; Keller 
and Heierli 1994). Alternatively, addition of the 35S might 

enhance the strength of Px in vascular tissues (Benfey et al. 
1990), although further verification is necessary, given that 
the expression of the chimeric 35S-Px promoter was still 
significantly lower than that of the 35S promoter and easily 
affected by plant vigor and environmental factors.

Details on SA regulation by Px remain unclear, although 
our preliminary data indicated that Px-GUS expression was 
SA-inducible. However, more specifically designed dele-
tion assays need to be performed before reaching a solid 
conclusion. The potential of Px as a plant resistance gene 
expression tool should be verified in a challenge assay of 
transgenic lines using vascular pathogens such as Ralstonia 
solanacearum, Xanthomona campestris pv. campestris, or 
Erwinia carotovora ssp. carotovora. Overall, we identified 
and validated a useful and vascular-specific chimeric plant 
promoter (35S-Px) that might be used in further transgenic 
engineering procedures for optimizing crop resistance.
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