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Abstract
Key message A switchgrass vascular tissue-specific promoter (PvPfn2) and its 5′-end serial deletions drive high levels
of vascular bundle transgene expression in transgenic rice.
Abstract Constitutive promoters are widely used for crop genetic engineering, which can result in multiple off-target effects,
including suboptimal growth and epigenetic gene silencing. These problems can be potentially avoided using tissue-specific
promoters for targeted transgene expression. One particularly urgent need for targeted cell wall modification in bioenergy
crops, such as switchgrass (Panicum virgatum L.), is the development of vasculature-active promoters to express cell wallaffective genes only in the specific tissues, i.e., xylem and phloem. From a switchgrass expression atlas we identified promoter
sequence upstream of a vasculature-specific switchgrass profilin gene (PvPfn2), especially in roots, nodes and inflorescences.
When the putative full-length (1715 bp) and 5′-end serial deletions of the PvPfn2 promoter (shortest was 413 bp) were used
to drive the GUS reporter expression in stably transformed rice (Oryza sativa L.), strong vasculature-specificity was observed
in various tissues including leaves, leaf sheaths, stems, and flowers. The promoters were active in both phloem and xylem. It
is interesting to note that the promoter was active in many more tissues in the heterologous rice system than in switchgrass.
Surprisingly, all four 5′-end promoter deletions, including the shortest fragment, had the same expression patterns as the
full-length promoter and with no attenuation in GUS expression in rice. These results indicated that the PvPfn2 promoter
variants are new tools to direct transgene expression specifically to vascular tissues in monocots. Of special interest is the
very compact version of the promoter, which could be of use for vasculature-specific genetic engineering in monocots.
Keywords PvPfn2 · Vascular bundle-specific promoter · Serial promoter deletion · Stable rice transformation ·
Switchgrass · Rice

Introduction
The cell walls of lignocellulosic feedstock crops such as
switchgrass (Panicum virgatum L.) have been altered for
increased efficiency for yield of biofuel. An important
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practical constraint when changing cell walls is to avoid offtarget effects. The absolute required bioenergy crop traits
are high biomass, efficient use of water and nutrients, resilience to abiotic and biotic stresses, adaptability to marginal
lands, and compatibility with modern agricultural systems:
all traits that make switchgrass an attractive bioenergy crop
in the first place (Keshwani and Cheng 2009). A few biotechnological studies have focused on increasing switchgrass biomass, resulting in modest improvements (Do et al.
2016; Poovaiah et al. 2015; Wuddineh et al. 2015a). Using
overexpression or RNA interference (RNAi), most reverse
genetics experiments on switchgrass have targeted cell wall
components with the goal of reducing cell wall recalcitrance
and increasing biofuel production (Baxter et al. 2015; Shen
et al. 2012; Wuddineh et al. 2015b, 2016).
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However, there has been little variety of promoters used
for controlling transgene expression in switchgrass. The
most commonly used promoters in switchgrass transformation are constitutive promoters. These include cauliflower
mosaic virus (CaMV) 35S promoter (Mazarei et al. 2008),
maize (Zea mays) ubiquitin 1 gene (Ubi-1) promoter (Fu
et al. 2012), rice (Oryza sativa L.) polyubiquitin gene
(rubi2 and rubi3) promoter (Li and Qu 2011), switchgrass
polyubiquitin gene (PvUbi1 and PvUbi2) promoters (Mann
et al. 2011), and rice actin 1 (OsAct1) promoter (Ogawa
et al. 2014). These promoters originated from either plant
viruses or plant housekeeping genes, and drive constant gene
expression in all tissues, at all times, and under all conditions. Nonetheless, continuous high-level of overexpression
of some transgenes in all tissues may not be necessary and
could cause undesirable side effects. For example, it could
cause homology-dependent gene silencing that results in
silencing of either the transgene or its endogenous homolog
or both (Xi et al. 2009). It could also generate unintended
phenotypes including altered transgenic plant growth and
development (Jeon et al. 2000), compromised seed germination and yield (Robert et al. 2013), and abnormal morphology (Kosugi and Ohashi 2003). Moreover, overexpression
of stress- or defense-related genes could result in unexpected
activation of defense genes in the absence of pathogens
(Xiao et al. 2001) or even fitness costs (Zavala et al. 2004).
Unlike constitutive promoters, tissue-specific promoters
drive transgene expression specifically in target tissues, and
sometimes at high levels (Benfey and Chua 1989). They
can also be used in multigene transformation experiments
to maximize the transgenic effects by reducing the likelihood
of transcriptional silencing (Peremarti et al. 2010). Thus,
identification and characterization of switchgrass tissue-specific promoters are needed for switchgrass transgenic modification. So far, vascular bundle-specific promoters CCRfrom
Eucalyptus globulus, RSs1 from rice, and rolC from Agrobacterium rhizogenes had been used for engineering plants
to down-regulate lignin content in switchgrass (Torre et al.
2014) and to improve resistance to pests in rice, tobacco
(Nicotiana tabacum L.), and chickpea (Cicer arietinum L.)
(Saha et al. 2007), respectively. The Arabidopsis profilin 2
(AtPfn2) promoter has also been used to drive GUS expression specifically in the vascular bundles of most tissues/
organs of plants, such as roots, leaves, sepals, petals, stamen
filaments, and stalks of developing seeds (Ramachandran
et al. 2000). Profilin is a small actin-, polyproline- and inositol phospholipid-binding protein (Sohn et al. 1995; Tanaka
and Shibata 1985) and ubiquitously expressed in various
eukaryotic cells (Christensen et al. 1996; Huang et al. 1996;
Kovar et al. 2000; Ramachandran et al. 2000; Staiger et al.
1993). It is involved in cell elongation, cell shape maintenance, polarized root hair growth, and flowering time (Christensen et al. 1996).
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In this study, we identified a vascular bundle-specific
profilin promoter from the switchgrass genome and expression atlas database. The prolifin expression profiles were
further characterized in switchgrass tissues using RT-PCR
and real-time RT-PCR. Stably transgenic rice was selected
as a model heterologous system to assess the performance of
the 1715 bp switchgrass promoter and four 5′-end deletion
constructs using a GUS reporter gene. Our data led us to
conclude that the promoters, especially the 413-bp truncated
promoter offer valuable xylem- and phloem-specific expression in various monocot organs, which should facilitate more
precise genetic engineering of cereal crops. The biological
function of the long span (> 1200 bp) upstream sequence
from the compact 413-bp promoter remains enigmatic.

Materials and methods
Sequence analysis and in silico expression profiles
The deduced amino acid sequences of the switchgrass
PvPfn2 genes were obtained from the switchgrass genomic
DNA database (V1.0) on the Phytozome website (http://
www.phytozome.net) using BlastP; the Arabidopsis thaliana
vascular bundle-specific profilin (AtPfn2; accession number:
U43326; Ramachandran et al. 2000) was the query sequence.
The amino acid sequences of these switchgrass genes were
aligned together with AtPfn2 using ClustalX 2.0 (Fig. 1).
The genomic DNA sequences, cDNA (including 5′ and
3′ UTR) sequences, and promoter sequences (the sequences
upstream the translational start sites) of these switchgrass
homologs were downloaded from Phytozome. In order to
search for their unique transcript IDs, the switchgrass cDNA
sequences were used to query the Noble Foundation Switchgrass Gene Atlas (Zhang et al. 2013) PviUT V1.2 (http://
switchgrassgenomics.noble.org). The returned switchgrass
gene expression profiles were then downloaded from the
atlas. In addition, the promoter sequences were used as the
query sequences to search the PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html) (Lescot et al.
2002) and PLACE (http://www.dna.affrc.go.jp/PLACE/signalscan.html) (Higo et al. 1999) databases for known cisregulatory elements (or motifs) within the promoter regions.

Plant materials and growth conditions
Switchgrass cv. ‘Alamo’ was used for tissue-specific RNA
and genomic DNA extraction, while japonica rice (Oryza
sativa L.) cv. ‘Taipei 309’ (‘TP309’) was used for stable
rice transformation. Potted plants were grown in a 40% sand
and 60% 3B media mix (Sun Gro Horticulture, Agawam,
MA, USA). Transgenic rice plants were grown in a growth
chamber at 27 °C under fluorescent white light and 12 h
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Fig. 1  Comparison of the deduced amino acid sequences of the
switchgrass PvPfn2 and AtPfn2. The homologous sequences of
AtPfn2 in the switchgrass genome were obtained by using the amino
acid sequence of AtPfn2 as the query sequence to Blast search against

the Phytozome switchgrass genomic DNA sequence database (http://
www.phytozome.net/search.php). The numbers indicate the positions
of the amino acid residues

photoperiods for 2 weeks. Then, 1-month-old plants were
grown in a greenhouse at 25–29 °C under 12-h photoperiods
in 50% average relative humidity. Plants were fertilized once
per week with Peters® Professional All Purpose Plant Food
(Spectrum Group, St. Louis, MO, USA).

The relative transcript abundance of the endogenous
PvPfn2 gene among switchgrass tissues was estimated by
reverse transcription polymerase chain reaction (RT-PCR)
and real-time quantitative reverse transcription PCR (realtime RT-PCR) using sequence-specific primers (Table 1).
The primer specificity was confirmed by agarose gel electrophoresis. A switchgrass actin gene (PvActC) was used as
the internal control (Mann et al. 2011) for both RT-PCR and
real-time RT-PCR. For RT-PCR, a 100-bp band was amplified by each primer pair at 95 °C for 5 min, followed by PCR
cycles at 95 °C for 30 s, 55 °C for 20 s, and 72 °C for 20 s,
then extended 2 min at 72 °C.
The real-time RT-PCR was conducted using the Power
SYBR Green PCR master mix (Applied Biosystems, Foster
City, CA, USA) on a 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The standard
curve method was used for relative transcript quantification
normalized by PvActC transcript abundance as described
(Mann et al. 2011). The quality cutoff of the real-time RTPCR efficiency was set at > 95% with R2 > 0.99 for the standard curve.

RT‑PCR and real‑time RT‑PCR
Total RNA was extracted from root, leaf blade, internode,
node, and inflorescences of switchgrass (cv. ‘Alamo’) at R1
growth stage (Moore et al. 1991) using Tri-Reagent (Molecular Research Center, Cincinnati, OH, USA). RNA quality
was analyzed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Two micrograms of RNA from each tissue was treated with amplification-grade DNase I (Invitrogen™, Carlsbad, CA, USA) in
order to remove the genomic DNA and then used for reverse
transcription with High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) following the manufacturer’s protocol.
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Table 1  Primer sequences used
in this study

Name

Primer

Primer sequence (5′>3′)

Application

PvActC

PvAct-RT-F1
PvAct-RT-R1
PvPfn-318-F2
PvPfn-318-R1
PvPfn-318-pF1
PvPfn-318-pF2
PvPfn-318-pF3
PvPfn-318-pF4
PvPfn-318-pF5
PvPfn-318-pR2a
BRseq
GUSseq

caagatttggagatcccg
aatgctccacggcgaaca
ggtcaccagaggatctttc
aggcgacaaccaaattcggg
agcactttgccaaatccctg
tagcagcaaaccatccctcg
atgatcaaggcagcctcttg
tatcagagagactcaggtcc
tttcggccagggtgggtct
cctgccgcttccgctggtg
acccgccaatatatcctgtc
gaatatctgcatcggcgaac

RT-PCR and real-time RT-PCR
RT-PCR and real-time RT-PCR
RT-PCR and real-time RT-PCR
RT-PCR and real-time RT-PCR
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Sequencing
Sequencing

PvPfn2
PvPfn2p
PvPfn2-1p
PvPfn2-2p
PvPfn2-3p
PvPfn2-4p
GUS
a

Used as the reverse primer for promoter cloning of the serial deletions as well as PvPfn2p

Switchgrass genomic DNA extraction and vector
construction
Genomic DNA was extracted from the leaf blade of switchgrass (cv. Alamo) at R1 growth stage using a CTAB method
(Stewart and Vie 1993). The genomic DNA was used as
templates for PCR amplification of the putative full-length
promoter regions of PvPfn2 using sequence-specific primers (Table 1). After gel purification, the PCR product was
then cloned into the pCR™8/GW/TOPO® (Invitrogen™,
Carlsbad, CA, USA) vector following the manufacturer’s
directions. After sequence confirmation, the promoter region
was subcloned into the destination vector pMDC162 to drive
uidA (GUS) expression using the G
 ateway® LR C
 lonase™
™
II enzyme (Invitrogen , Carlsbad, CA, USA). The resultant promoter::GUS fusion constructs were confirmed by
sequencing.
Based on the distribution patterns of the known motifs
within the promoter region of PvPfn2, serial 5′-end deletions of the promoter was PCR amplified and cloned into the
pCR™8/GW/TOPO® vector. After sequence confirmation,
the serial deletions were subcloned into the binary vector
pMDC162. The resultant truncated promoter::GUS fusion
constructs were confirmed by sequencing. The full-length
CaMV 35S promoter was cloned into pMDC162, which was
used as the known-expression (positive) control.

Rice tissue culture and transformation
Each expression vector was electroporated into Agrobacterium tumefaciens strain GV3850 under the selection with
50 mg/L rifampicin and 50 mg/L kanamycin. Mature seeds
of rice cv. ‘TP309’ were used for embryogenic callus induction and stable rice transformation as described (Hiei et al.
1994).
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Histochemical GUS analysis
Histochemical GUS assays were conducted in T0 transgenic
rice according to Jefferson et al. (1987) with modifications.
The root, leaf blade, and sheath of each individual plant were
sampled into 1.5 mL E
 ppendorf® microtubes 1 month after
regeneration. All the plant materials were stained in 50 mM
sodium phosphate at pH 7.0 containing 10 mM Na2-EDTA,
1 mM potassium ferricyanide, 1 mM potassium ferrocyanide, 1 mg/mL X-Gluc (Amresco, Solon, OH, USA), 100 µg/
mL chloramphenicol, 0.1% (V/V) Triton X-100 and 20%
(V/V) methanol. The microtubes were placed at 37 °C for
24 h in dark. All the samples were cleared by replacing the
GUS solution with 70% ethanol until optimal visualization
and stored in 70% ethanol for imaging. The samples were
sectioned to 10 µm thickness for light microscopy. The intensity of GUS activity was visualized with a stereomicroscope
(Fisher Scientific™ Stereomaster™ Track Pole, Pittsburgh,
PA, USA), and a digital camera (Infinity X-32, Lumenera
Corporation, Ottawa, ON, USA).
Cross-sections of the histochemical GUS assays were
conducted in the leaves of T1 transgenic rice as described
in Wu et al. (2012) with modifications. The samples were
cleared in 70, 50 and 30% ethanol, and then mounted in
water before observation with a light microscope.

Results and discussion
Sequence analysis
The BlastP search for the AtPfn2 orthologues in the
switchgrass genome returned 8 candidate sequences
with high amino acid sequence similarity (Fig. 1).
Pavirv00014318m, Pavirv00019052m, Pavirv00038285m,
and Pavirv00038913m had the highest sequence identity to
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AtPfn2 (Supplementary Table S1). The deduced amino acid
sequences of Pavirv00014318m and Pavirv00019052m were
identical except that the latter contained an additional 45
amino acids at the 5′-end (Fig. 1). By comparing the cDNA
sequences with the genomic DNA sequences, we found these
four candidate genes shared the same exon/intron structures
as AtPfn2 (Fig. 2a). Each candidate gene consisted of 131
amino acids in length, three exons and two introns at conserved positions (Fig. 2a). The existence of the four candidate sequences indicates the tetraploidy nature of the switchgrass genome (Triplett et al. 2012).

Expression profiles of PvPfn2 in switchgrass
The Pavirv00014318m and Pavirv00019052m sequences
were most similar to the Noble Foundation Gene Atlas entry
AP13ISTG56127 with sequence identities being 99 and 95%,
respectively, while Pavirv00038285m and Pavirv00038913m
had the highest (100 and 99%) sequence identity to
AP13ISTG71490 and AP13CTG11882, respectively (Supplementary Table S2). In silico expression analysis showed

an extremely low expression level of AP13ISTG71490 in
all the tissues, while the expression of AP13CTG11882
was evident in all of the tissues with no pattern of tissuespecificity (Supplementary Fig. S1). However, we found
that the expression level of AP13ISTG56127 was highest in
internodes, followed by inflorescences, nodes, crowns, and
roots. Its lowest expression was found in leaf blades, leaf
sheaths and inflorescences of the glume and floret development stages (Supplementary Fig. S1).
RT-PCR and real-time RT-PCR pr imers for
Pavirv00019052m all failed. However, the RT-PCR results
revealed that Pavirv00014318m was highly expressed in
switchgrass roots and nodes, weakly expressed in inflorescences and internodes, and undetectable in leaves (Fig. 3a).
Its expression was comparable to the PvActC expression
level in roots, but much weaker than PvActC in nodes.
Similarly, the real-time RT-PCR analysis demonstrated that
Pavirv00014318m expression was highest in roots, followed
by nodes, inflorescences, internode, and leaf (Fig. 3b). Its
expression in roots was about 62% of the PvActC expression level, while about 11–13% of PvActC expression in

Fig. 2  Deduced gene structure
models for Pfn2 genes and the
PvPfn2 promoter::GUS fusion
constructs used in stable rice
transformation experiments. a
The gene structure of AtPfn2
and its switchgrass orthologs
with the highest sequence identity. Boxes and lines represent
exons and introns, respectively.
Intron length (bp; base pairs)
are indicated above each intron,
whereas exon length (aa; amino
acids) are indicated under each
exon. The additional 45 amino
acids on the 5′-end (N terminus)
of Pavirv00019052m are not
shown. b The full-length and
serial deletions of the PvPfn2
promoter were cloned into the
pMDC162 to drive GUS expression. Lines represent promoters with promoter length (bp)
indicated above each promoter
variant. NosT, Nos terminator
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Fig. 3  Endogenous PvPfn2
mRNA expression levels in
different tissues of wild-type
switchgrass measured by RTPCR and real-time RT-PCR.
RNA was extracted from
switchgrass cv. ‘Alamo’ at R1
growth stage. A switchgrass
actin gene PvActC was used
as the internal control for both
RT-PCR and real-time RT-PCR,
and the real-time RT-PCR data
of PvPfn2 was normalized to
the quantity of PvActC. The
cDNA template was replaced
with the same amount of ddH2O
in the negative control. The
relative quantification was performed using the standard curve
method, and the bar represents
the mean of three independent
replicates with the standard
errors of the noted mean

Fig. 4  Histochemical GUS
analysis of leaf blade (A1–E1)
and root (A2–E2) of T0 stable
transgenic rice containing the
full-length PvPfn2 promoter
at the seedling stage. Nontransformed (N.T.) rice and
stable transgenic rice containing 35S::GUS were used as the
negative and positive control,
respectively. The intensity of
GUS expression was visualized
with a stereomicroscope and a
digital camera. A Non-transformed rice, B 35S promoter, C
line 5 of the full-length PvPfn2
promoter, D line 19 of the
PvPfn2 promoter, E line 20 of
the PvPfn2 promoter. Each scale
bar represents 0.5 mm for leaf
blade or 0.1 mm for root
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nodes and inflorescences and 1–2% of PvActC in leaves and
internodes. As a result, Pavirv00014318m was selected as
the potential switchgrass homolog of AtPfn2 and named as
PvPfn2 hereafter, whose promoter and derivatives were used
for functional analysis in this study.
PvPfn2 consists of a 77-bp 5′ untranslated region (UTR),
two introns (118 and 90 bp in length, respectively), three
exons (123, 138 and 135 bp in length, respectively), and a
376-bp 3′ UTR, which was very similar to the gene structure of AtPfn2 (Sohn et al. 1995). A 1715-bp-long promoter
region (including a 1638-bp promoter sequence and a 77-bp
5′ UTR) of PvPfn2 were obtained from the Phytozome database. The PlantCARE and PLACE databases were searched
for putative known cis-regulatory elements (or motifs)
within the promoter region of PvPfn2. Several cis-regulatory
elements with putative or known functionality were identified (Supplementary Table S3). However, these motifs have
been only deduced from in silico analysis and have yet to be
functionally validated.

GUS expression driven by the full‑length PvPfn2
promoter in stable transgenic rice
When the 1715-bp promoter region of PvPfn2 (i.e., PvPfn2p;
Supplementary Fig. S2) fused with GUS, the transgenic rice
callus had the same survival frequency and appearance on
hygromycin selection as did the 35S::GUS transgenic callus. Likewise, there were no apparent phenotypic differences
between transgenic T0 PvPfn2p::GUS and 35S::GUS rice
lines, even though both types of lines set fewer seeds than
the non-transformed rice plants.
Histochemical GUS assays of young (1-month postregeneration) T0 plants resulted in expected phenotypes
of negative controls (Fig. 4a) as well as positive 35S::GUS
controls, of which the latter exhibited constitutive GUS
expression in both leaf blades and roots (Fig. 4b). Three
representative lines (i.e., #5, 9 and 20) of stable transgenic
rice containing PvPfn2p::GUS had GUS expression in leaf
veins and vascular bundles (Fig. 4c–e). GUS expression was
low or marginally detectable in roots. This observation was
different from the RT-PCR and real-time RT-PCR analyses which detected higher PvPfn2 expression in roots and
nodes than in leaves (Fig. 3). Possibly, the 1715-bp promoter
region might only perform partial function of the real fulllength promoter, and the sequences upstream the 1715-bp
promoter region was likely associated with the enhanced
expression in roots and nodes and the suppressed expression
in leaves. Comparison of the cross-sections of the leaves of
non-transgenic rice and T1 transgenic rice at the seed setting
stage revealed that GUS expression was detected in both
xylem and phloem in transgenic rice containing the fulllength PvPfn2 promoter (Fig. 5). These expression patterns
were similar to the AtPfn2p::GUS expression in transgenic

Fig. 5  Cross-sections of histochemical GUS expression in the leaves
of T1 stable transgenic rice containing the full-length or the shortest
truncation of the PvPfn2 promoter at seed setting stage. Non-transformed (N.T.) rice was used as the negative control. Line 5 of the
full-length PvPfn2 promoter and line 7 of the shortest truncation of
PvPfn2 promoter (i.e., PvPfn2-4p) were used as representatives. The
intensity of GUS staining was visualized with a stereomicroscope and
a digital camera

Arabidopsis, where GUS was expressed in the vascular bundles of cotyledons and leaves (Christensen et al. 1996). However, the AtPfn2 promoter activities were also detected in the
vascular bundles of roots and root hairs (Christensen et al.
1996), which was consistent with the PvPfn2 gene expression in switchgrass roots detected by RT-PCR and real-time
RT-PCR analyses (Fig. 3).
Different tissues (stamens, lemma and palea, nodes, internodes, leaf blades, sheath, seeds, and roots) were also collected from the same three T0 lines at the seed setting stage
for GUS expression analysis. Similarly, the non-transformed
rice showed no GUS expression (Fig. 6a) while stable transgenic rice containing 35S::GUS exhibited an ectopic GUS
expression in all the above tissues (Fig. 6b). However, GUS
expression was mainly detected in the vascular bundles of
stamen filament, lemma and palea, node, internode, leaf
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Fig. 6  Histochemical GUS expression in different tissues of T0 sta- ▸
ble transgenic rice containing the full-length PvPfn2 promoter at seed
setting stage. Non-transformed rice and stable transformed rice containing CaMV 35S::GUS were used as the negative and positive control, respectively. The intensity of GUS staining was visualized with
a stereomicroscope and a digital camera. A Non-transformed rice,
B 35S promoter, C line 5 of the full-length PvPfn2 promoter, D line
19 of the full-length PvPfn2 promoter, E line 20 of the full-length
PvPfn2 promoter. 1, 20 days after flowering (DAF) seeds; 2 and 3, 10
DAF seeds; 4, stamen; 5, lemma and palea; 6, cross section of node;
7, cross section of internode; 8, internode; 9, leaf blade; 10, sheath;
11, root elongation zone; 12, root cap. Each scale bar represents
1 mm for seeds (2; 3), stamen (4), lemma and palea (5), 0.5 mm for
node (6), internode (7; 8), leaf blade (9) and sheath (10) or 0.1 mm
for root (11; 12)

blade, sheath, seed husk, and stalk of developing seed of
transgenic rice containing PvPfn2p::GUS (Fig. 6c–e).
Compared to the GUS expression levels at 1 month after
regeneration from callus, the PvPfn2p::GUS transgenic rice
during seed setting was stronger than that of the younger
tissues (Fig. 6c–e).
We know of several vascular bundle-specific promoters that have been functionally characterized in plants.
The Arabidopsis trehalose-6-phosphate synthase (AtTPS1)
promoter was associated with vascular bundles, but at a
low level of expression (Bae et al. 2009). The Arabidopsis
sucrose transporter (AtSUC2) promoter was used to drive
GUS expression in the phloem of Arabidopsis (Truernit and
Sauer 1995), while its protein was found to be synthesized
in the plasma membrane of companion cells (Stadler and
Sauer 1996). The activities of the rice RPP23 (Fukuda et al.
2004), the pumpkin PP1 (Clark et al. 1997) and the AtPP2A1 (Zhang et al. 2011) promoters were detected in vascular
tissues at different levels during different developmental
stages. In comparison to these known promoters, the PvPfn2
promoter appears to be highly vascular bundle-specific with
a strong and developmentally robust promoter strength and
homogeneity, which would make it useful for cereal transformation for vasculature-specific traits.

GUS expression driven by the serial deletions
of the PvPfn2 promoter in stable transgenic rice
Based on the distribution patterns of the known motifs
within the promoter region of PvPfn2, 5′-end serial deletions were produced to assess the functionality of various
portions of PvPfn2p, including the core promoter region.
Promoter fragments of 1313, 958, 712 and 413 bp in
length, respectively, were obtained (Fig. 2b). These four
serial deletions were named PvPfn2-1p, -2p, -3p, and -4p,
respectively (Fig. 2b) and their activities were assessed in
both T0 and T1 transgenic rice. In each of the T0 transgenic rice plants assayed, each promoter deletion conveyed
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Fig. 7  Histochemical GUS analysis in the leaf blades of stable
transgenic rice with GUS being
driven by different serial deletions of the PvPfn2 promoter.
All samples were taken from T0
plants 1 month after regeneration form callus. The intensity
of GUS staining was visualized
with a stereomicroscope and
a digital camera. A Nontransformed rice, B CaMV 35S
promoter, C1–C3 three lines of
PvPfn2-1p, D1–D3 three lines
of PvPfn2-2p, E1–E3 three
lines of PvPfn2-3p, F1–F3 three
lines of PvPfn2-4p

strong GUS expression in the veins of leaves (Fig. 7). In
each of the T1 transgenic rice plants assayed, even the
shortest truncation of the PvPfn2 promoter (i.e., PvPfn24p) directed comparable GUS expression in both xylem
and phloem of leaves (Fig. 5), implying it contained motifs
dominating expression in the vascular tissues of leaves.
These results demonstrated that the four promoter deletions could drive GUS expression in a vascular bundlespecific manner in stable transgenic rice. The minimal
promoter region tested (i.e., 413 bp in length) appears to
be a desirably compact and useful sequence to control vascular bundle-specific transgene expression in monocots.
It would be interesting to perform additional 5′-deleted
regions to better understand motif functionality within a
limited context of sequence.
The present study showed that the PvPfn2 promoter and
the serial deletion promoters restrict specific transcription in
xylem and phloem in a number of rice organs. The promoter
and biological function should be useful to develop synthetic promoters since vasculature-specific promoters could
be utilized for genetic engineering agronomically important
crops for trait improvement (Liu and Stewart 2016; Liu et al.
2013). For example, the specific reintroduction of xylan biosynthesis in the xylem vessels of the Arabidopsis xylan-deficient mutants by driving the expression of the same xylan
biosynthesis genes (i.e., glycosyltransferases) with a vesselspecific promoter could result in the restoration of the undesirable mutant phenotype (dwarf, decreased stem strength)

with desirable low xylan and lignin phenotype (Peterson
et al. 2012). The use of vasculature-specific promoter has
also been shown to be a more efficient strategy in genetic
engineering of lignin profiles than the use of the constitutive
35S promoter (Meyer et al. 1998). Moreover, vasculature
(especially phloem)-specific expression of insecticidal or
virus resistance proteins/RNAs had been demonstrated to
be highly effective in the generation of genetically superior
lines with enhanced resistance against hemipteran insects
which are phloem sap-sucking pests or some viruses which
replicate exclusively in or are dependent on their interactions
with phloem cells (Saha et al. 2007). Vasculature-specific
promoters could also be used for transgenic expression of
antibacterial genes for enhanced resistance against phloemassociated Gram-negative bacteria such as the notorious
citrus greening disease (Huanglongbing disease or HLB).
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