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Abstract

A novel, constitutively expressed gene, designated MtHP, was isolated from the model legume species
Medicago truncatula. Sequence analysis indicates that MtHP most likely belongs to the PR10 multi-gene
family. The MtHP promoter was fused to a b-glucuronidase gene to characterize its expression in different
plant species. Transient assay by microprojectile bombardment and hairy root transformation by Agro-
bacterium rhizogenes revealed GUS expression in leaf, stem, radicle and root in M. truncatula. Detailed
analysis in transgenic Arabidopsis plants demonstrated that the promoter could direct transgene expression
in different tissues and organs at various developmental stages; its expression pattern was similar to that of
CaMV35S promoter, and the level of expression was higher than the reporter gene driven by CaMV35S
promoter. Deletion analysis revealed that even a 107 bp fragment of the promoter could still lead to a
moderate level of expression. The promoter was further characterized in white clover (Trifolium repens), a
widely grown forage legume species. Strong constitutive expression was observed in transgenic white clover
plants. Compared with CaMV35S promoter, the level of GUS activity in transgenic white clover was higher
when the transgene was driven by MtHP promoter. Thus, the promoter provides a useful alternative to the
CaMV35S promoter in plant transformation for high levels of constitutive expression.

Introduction

In order to be functionally expressed in plants, a
transgene must have a promoter that is recognized
by RNA polymerase in the plant cells. A promoter
initiates and regulates transcription, the first and
the most important step of gene expression. Iso-
lation and characterization of promoters is there-
fore important for controlling the expression of
foreign genes in transgenic plants. Promoters that

are useful for plant transgene expression include
those that are constitutive, inducible, viral, and
synthetic, as recently reviewed by Potenza et al.
(2004).

A constitutive promoter is able to drive gene
expression in many or all tissues of a plant. The
most commonly used promoter for directing
strong constitutive expression has been the Cauli-
flower Mosaic Virus (CaMV) 35S promoter (Odell
et al. 1985; Jefferson et al. 1987; Medberry et al.
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1992; Potenza et al. 2004). Although a number of
constitutive promoters have been isolated from
plants and used for the generation of transgenic
plants, there is still a great need for novel plant
sequences that function as promoter elements for
the high-level expression of transgenes. A wider
range of effective promoters would also make it
possible to introduce multiple transgenes into
plant cells while still avoiding the risk of
homology-dependent gene silencing.

Here we report the isolation and characteriza-
tion of a constitutive promoter from the model
legume species Medicago truncatula. The pro-
moter is able to direct higher levels of GUS
expression than that of the CaMV promoter in a
range of plant species. Deletion analysis revealed
that a short fragment of the promoter region is
still capable of directing gene expression at levels
of approximately 47% of the ‘full-length’
promoter.

Materials and methods

Isolation of cDNA and genomic DNA sequences
from M. truncatula

The MtHP gene was identified during the search
for a closely related, root-specific gene Mt12a,
which was obtained by screening a M. truncatula
cDNA library (Liu et al. 1998) using the pea RH2
(Mylona et al. 1994) cDNA sequences. Mt12a was
used to screen a M. truncatula genomic library
carried in Lambda Fix II (Stratagene) (Liu et al.
2003a) and a genomic clone was obtained. DNA
was isolated from the genomic clone and digested
by different restriction enzymes (e.g. BamHI,
HindIII, NotI, SalI). Based on results of enzyme
digestions, a restriction map was constructed.
DNA of the genomic clone was double digested by
restriction enzymes BamHI and SalI, and the di-
gested fragments were directly subcloned into
BamHI digested- and BamHI + SalI digested-
pBluescript vector. DNA was prepared from the
subclones and sequenced (GenBank accession
number AY751453). Unexpectedly, the sequences
of the exons were different from that of the Mt12a.
Since the exon sequences have not been charac-
terized, we named it as MtHP, and continued to
characterize the exon sequences and the 5¢ regu-
latory region of the genomic clone.

Characterization of MtHP cDNA sequences

The sequence of the MtHP exons was used to
search expressed sequenced tags (ESTs) in the web
site of The Institute of Genomic Research
(www.tigr.org). A full-length MtHP cDNA clone
was obtained from the Noble Foundation EST
sequencing project. The 3¢ untranslated region of
the cDNA clone was used as a probe to charac-
terize the expression pattern of the gene by
northern hybridization analysis. Total RNA was
isolated from M. truncatula using TRI reagent
(Molecular Research Center, Inc., Cincinnati, OH)
and RNA gel blotting was carried out according to
standard protocols ((Sambrook et al. 1989).
Northern hybridizations were performed using the
[32P] dCTP-labeled MtHP cDNA as probe fol-
lowing the QuikHyb� Hybridization protocols
(Stratagene, La Jolla, CA).

Characterization of the MtHP promoter

The MtHP promoter region was PCR amplified
using primers 5¢ TTTAAGCTTCTCGATCAA-
TAGTTCAAACC 3¢ (forward) and 5¢ GGATC-
CATGGATGGTATAATGTATTAAAATGCTA
3¢ (reverse). The forward primer contained a Hin-
dIII restriction site, and the reverse primer had a
NcoI restriction site. The amplified promoter se-
quences were digested by HindIII and NcoI, and
the fragment was isolated after gel electrophoresis.
The isolated MtHP promoter fragment was cloned
into HindIII and NcoI digested binary vector
pCAMBIA3301 to replace the CaMV 35S pro-
moter in front of the b-glucuronidase gene. For
transient expression assays, gold particles were
coated with DNA of the new MtHP-GUS vector,
and a biolistic procedure described by Wang et al.
(2003) was followed to bombard the leaf, stem and
radicle of M. truncatula. For Agrobacterium-
mediated transformation, the MtHP-GUS vector
was first transferred into A. rhizogenes strain
ARqua1 (Quandt et al. 1993), and used for hairy
root transformation of M. truncatula following the
procedure described by Boisson-Dernier et al.
(2001). Because hairy root transformation can
only be used to check gene expression in root tis-
sue, the MtHP-GUS vector was transferred into
Agrobacterium tumefaciens strain C58. Transgenic
Arabisdopsis plants were generated following the
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floral dip method (Clough and Bent 1998).
Transgenic white clover (Trifolium repens) plants
were obtained following the procedures described
by Larkin et al. (1996). The tissue culture
responsive germplasm Regen-SY (Bingham 1991)
was used for alfalfa (Medicago sativa) transfor-
mation (Austin et al. 1995). Transgenic plants were
grown at 24 �C in fluorescent light (240 lE
m�2 s�1) at a photoperiod of 16 h in the growth
room.

To further characterize the promoter, a series of
deletions of the promoter region were created by
PCR using the primers D1 (5¢ ACTGTACCAAA
AAAAGCTTAAATAA 3¢), D2 (5¢ AATAGTA
TATCAAGCTTTTTGTGAAC 3¢), D3 (5¢ ACA
AATAGAAGCTTTATTTAGTCCG 3¢), D4 (5¢
CCCATTTTTAACTAAAGCTTTTTATT 3¢),
D5 (5¢ AGTAAGCTTCTCCTTTAGATTGAG
TC 3¢) at the 5¢ end and Rev (5¢ GGCCATG-
GATAATGTATTAAAATGCTAGGT 3¢) at the
3¢ end. A HindIII restriction site was introduced in
the forward primers, and a NcoI restriction site
was introduced in the reverse primer. The short-
ened promoter sequences obtained after PCR
amplification were digested by HindIII and NcoI,
and were cloned into HindIII and NcoI digested
binary vector pCAMBIA3301 to drive the GUS
gene.

Histochemical GUS staining was carried out on
bombarded tissues and transformed hairy roots of
M. truncatula, transgenic Arabidopsis plants,
transgenic white clover plants and transformed
alfalfa callus. The GUS expression pattern was
visualized after incubating seedlings, plantlets or
different tissues in 100 mM sodium phosphate, pH
7.0, 10 mM Na-EDTA, 5 mM potassium ferricy-
anide, 5 mM potassium ferrocyanide, 0.3% (w/v)
X-Gluc and 0.1% (v/v) Triton X-100 at 37 �C for
5 h (Mendel et al. 1989; Spangenberg et al. 1995).
GUS enzyme activity was determined fluoromet-
rically using the substrate 4-methylumbelliferyl
b-D glucuronide (MUG) (Jefferson et al. 1987;
Sessa et al. 1998). Briefly, tissues were ground in a
mortar and pestle pre-cooled with liquid nitrogen,
and the powder was transferred to a microcentri-
fuge tube containing 0.7 ml of extraction buffer
[100 mM potassium phosphate (pH 7.8), 1 mM
EDTA, 7 mM mercaptoethanol, 1% (v/v) Triton
X-100, 10% (v/v) glycerol]. After 1 h incubation at
room temperature, the tube was centrifuged at
14,000 rpm for 20 min at 4 �C. The supernatant

(300 ll) was transferred into a microcentrifuge
tube containing 300 ll GUS buffer (extraction
buffer containing 2 mM MUG) and fully mixed.
200 ll of this mixture was transferred into an ep-
pendorf tube containing 1 ml of GUS stop buffer
(0.2 M Na2CO3), stored at 4 �C, and served as
control. Another 200 ll of the mixture was incu-
bated at 37 �C for 1 h and the reaction was stop-
ped by adding 1 ml of GUS stop buffer.
Fluorescence of the samples was read on a Se-
quoia-Turner Fluorimeter (Model 450) with
emission at 455 nm and excitation at 365 nm.
GUS enzyme activity was expressed as picomoles
of 4-methylumbelliferone (MU) produced per
minute per milligram of protein. Protein concen-
trations of the samples were determined using
Bio-Rad Dc protein assay reagent (Bio-Rad Lab-
oratories, Hercules, CA) with bovine serum albu-
min as standard. At least ten independent
transgenic plants were analyzed, with triplicate
samples collected for each transgenic plant. GUS
activities of the transgenic plants were averaged
and presented in graphs. In Arabidopsis, single
insert T3 homozygous lines were used for the
analysis. In white clover, primary transgenic plants
were used for analysis. Significance of treatments
was tested at the p = 0.05 level. Standard errors
are provided in all figures as appropriate.

Results

Expression pattern of MtHP cDNA in M. trunctula

A root-specific gene, Mt12a, was obtained by
screening a Medicago truncatula cDNA library
with the pea RH2 gene (Mylona et al. 1994).
During analysis of the Mt12a gene, we identified a
family member, designated MtHP, that shared
high sequence identity (91.5%) with Mt12a but
showed a different expression pattern. The tran-
script of Mt12a was detected only in root (Fig-
ure 1a), while the second family member, MtHP,
expressed not only in root, but also in leaf and
stem (Figure 1b).

The open reading frame ofMtHP is predicted to
encode a protein of 158 amino acids with molec-
ular mass of 16.81 kDa and an isoelectric point of
5.34. Alignment analysis showed that the deduced
amino acid sequences share 86–87% similarity
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with PR10 proteins of pea and alfalfa (Breda et al.
1996; Culley et al. 1995; Fristensky et al. 1988).
Thus the MtHP gene most likely belongs to the
PR10 multi-gene family. Southern hybridization
analysis revealed there are one or two copies of the
MtHP gene in M. truncatula genome. A genomic
clone for MtHP was obtained after screening a
M. truncatula genomic library. The MtHP geno-
mic clone was subcloned, sequenced and the pro-
moter region was identified. As a strong
constitutive promoter could have utility for
transformation technology, further analysis of the
promoter was undertaken.

Comparison of the expression levels of GUS driven
by MtHP and CaMV35S promoters

The binary vector pCAMBIA3301 carries a b-glu-
curonidase gene (gusA) driven by CaMV35S pro-
moter (Figure 2). A new MtHP-GUS construct
(Figure 2) was created by replacing the CaMV35S
promoter of pCAMBIA3301 with 1548 bp of the
MtHP promoter. For ease of understanding and
illustration, here we refer pCAMBIA3301 as 35S-
GUS (Figure 2). Transient expression assays by
particle bombardment revealed GUS expression

in radicle, stem and leaf tissues of M. truncatula
(data not shown). The results indicate that MtHP
promoter could direct gene expression in above
ground tissues in M. truncatula. The M. truncatula
roots transformed by A. rhizogenes showed blue
color after staining with GUS solution (data not
shown), confirming that the promoter could also
direct GUS expression in root and root hairs.

To further characterize the expression pattern of
the reporter gene driven by the MtHP promoter,
transgenic Arabidopsis plants were generated
using the MtHP-GUS and 35S-GUS constructs.
More than 30 independent transgenic lines were
evaluated for each construct. GUS expression
levels varied with the transgenic lines, a result that
is consistent with those of other studies and can be
attributed to positional effects (Peach and Velten
1991; Grec et al. 2003). Non-typical expression
pattern (blue staining only in root or only in
shoot) was observed for both 35S-GUS and
MtHP-GUS plants, although these were rare case
events (<10%). Exceptionally high levels of GUS
(71,000 pmoles/min/mg protein) were detected in 2
out of 30 MtHP-GUS plants; their GUS activity
was six times higher than that of the highest
expressing 35S-GUS plants. However, these were
also rare events (<10%) and were not included in
the final analysis. Ten typical GUS positive plants
of each gene construct were used in the final ana-
lysis, as described by Grec et al. (2003) in other
promoter studies.

Staining of the transgenic Arabidopsis plants
revealed strong GUS expression at different devel-
opmental stages when MtHP promoter was used to
drive the gusA gene (Figure 3). Although both 35S
promoter and MtHP promoter could lead to GUS
staining in 3-day, 1-week, 2-week and 3-week old
plants (Figure 3a), levels of GUS expression were
consistently higher in MtHP-GUS transgenic

Figure 1. Northern hybridization analyses of different

M. truncatula tissues using (a) Mt12a cDNA as a probe and

(b) MtHP cDNA as a probe.

Figure 2. Schematic illustrations of the CaMV35S-GUS and MtHP-GUS binary vectors used for Agrobacterium-mediated transfor-

mation.
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plants than that of 35S-GUS plants (Figure 4a). In
mature transgenic Arabidopsis plants, GUS
expression was analyzed in different organs: leaf,
stem, flower, stamen, pollen and siliques (Fig-
ure 3b). Again, GUS expression level in different
organs was higher in MtHP-GUS transgenic plants
than those of 35S-GUS plants (Figure 4b).

To test the function of the promoter in widely
grown forage legume species, MtHP-GUS and
CaMV35S-GUS were transferred into the genome
of white clover and alfalfa through A. tumefaciens-
mediated transformation. Transgenic white clover
plants showed dark blue staining in leaf, petiole,
root and flower (Figure 5). Compared with 35S-
GUS, a higher level of GUS activity was detected
in transgenic white clover plants and transgenic
alfalfa calli when MtHP-GUS was introduced into
the plant genome (Figure 6).

Deletion analysis of the MtHP promoter

To characterize the promoter in further detail, a
series of 5¢-deletions of the promoter region were
created. The MtHP promoter sequence and cor-
responding deletion segments are illustrated in
Figure 7. GUS expression was detected in trans-
genic Arabidopsis plants carrying shortened
MtHP-GUS gene constructs with varying lengths
of promoter regions (Figure 8). As shown in Fig-
ures 8 and 9, reducing the promoter sequence to
1118 bp (D5), 827 bp (D4), 523 bp (D3) had little
effect on GUS activity. A significant reduction in
GUS activity was observed when the promoter
was reduced to 252 bp (D2) and 107 bp (D1). To
our surprise, even the shortest promoter segment
(107 bp, D1) was still able to direct GUS expres-
sion in transgenic plants (Figures 8 and 9),

Figure 3. GUS staining of transgenic Arabidopsis carrying 35S-GUS and MtHP-GUS gene constructs. (a) GUS staining of Ara-

bidopsis plants at different developmental stages. (b) GUS staining of different tissues and organs of transgenic Arabidopsis.
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although the level of expression was about 47% of
the ‘full-length’ MtHP promoter.

Discussion

Although the deduced amino acid sequences of
MtHP showed high similarity to a PR10 protein
of alfalfa, their gene expression patterns were
different. Expression of the PR10 gene in alfalfa
was detected only in roots and was not detectable
in hypocotyls, stems or leaves (Breda et al. 1996),

while the MtHP gene was expressed in different
tissues in M. truncatula. It is known that the PR10
proteins belong to a multi-gene family and are
often responsive to biotic and abiotic stresses
(Truesdell and Dickman 1997; Robert et al. 2001;
Hwang et al. 2003; Liu et al. 2003b; Hashimoto
et al. 2004;). Despite their proposed roles in plant
defense response, the exact biological functions of
the PR10 protein family are still unknown (Liu
and Ekramoddoullah 2003). Some PR10 proteins
are involved in plant development and display
constitutive expression patterns that are unrelated

Figure 4. GUS activity of transgenic Arabidopsis plants carrying 35S-GUS and MtHP-GUS gene constructs. (a) GUS activity of

3-day, 1-week, 2-week and 3-week old plants. (b) GUS activity of different tissues and organs of 8-week old transgenic plants. Error

bars represent standard error.
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to a pathogenic response (Liu and Ekramod-
doullah 2003). The MtHP may belong to this
category.

Certain promoters can direct gene expression at
higher levels than others. Promoters that drive
high, constitutive expression have become a
valuable tool in the genetic engineering of plants
(Potenza et al. 2004). In monocot species, certain
constitutive promoters of plant origin, such as
rice actin promoter (McElroy et al. 1990) and

maize ubiquitin promoter (Christensen et al.
1992), have been isolated and are often used for
transformation of grasses (Zhang et al. 1991;
McElroy et al. 1995; Christensen and Quail 1996;
Chen et al. 2003, 2004; Wang et al. 2004). In
dicot plants, although a number of endogenous
constitutive promoters have been isolated (An
et al. 1996; Plesse et al. 2001; Potenza et al. 2004),
they are not yet widely used or tested in other
species, particularly in legumes. The most com-
monly used promoter for constitutive expression
is still the CaMV35S promoter. Due to viral
origin of the CaMV promoter, it has been shown
that CaMV infection can destabilize a commer-
cially important genetic trait in oilseed rape by
silencing the bar transgene, altering the plant
phenotype from herbicide resistance to suscepti-
bility (Al-Kaff et al. 2000). Overuse of CaMV35S
promoter may increase the chances of transcrip-
tional inactivation (Matzke and Matzke 1995;
Stam et al. 1997). Numerous transgenic plant
systems have exhibited the phenomenon of
homology-dependent gene silencing, which can
involve interactions between closely linked repet-
itive elements on one DNA molecule or homol-
ogous sequences on separate DNA molecules, at
either allelic or non-allelic positions (Park et al.
1996; Jakowitsch et al. 1999). It is not uncommon
to find in the literature that CaMV 35S promoter

Figure 5. GUS staining of transgenic white clover plants carrying 35S-GUS and MtHP-GUS gene constructs.

Figure 6. GUS activity of transgenic white clover plants and

transformed alfalfa calluses carrying 35S-GUS and MtHP-

GUS gene constructs. Leaf and petiole of transgenic white

clover plants 4 wk after regeneration were harvested and used

for fluorometric assay. Error bars represent standard error.
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is used to drive two or more chimeric genes in the
same transformation vector. In this case, gene
silencing caused by inactivation of CaMV35S
promoter has been observed (Matzke and Matzke
1995; Park et al. 1996; McCabe et al. 1999). In
other cases, such as to introduce another gene
into transgenic plants, if the resident transgene

contains the CaMV35S promoter, the introduc-
tion of additional copies of the 35S enhancer may
result in methylation and silencing of unlinked
homologous copies (Mette et al. 2000; Dong and
Von Arnim 2003). Thus, a novel alternative
promoter to CaMV35S will be very useful for
directing strong constitutive expression in plants.

Figure 7. MtHP full-length promoter sequences and deletions. Deleted promoter segments are shown by arrows.

Figure 8. GUS staining of 12-day old transgenic Arabidopsis carrying deleted MtHP-GUS gene constructs with varying lengths of

promoter regions.
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Medicago truncatula is a forage legume that has
been developed as a model legume (Barker et al.
1990; May 2004). We isolated a novel promoter
(MtHP) from M. truncatula and fused it to a GUS
reporter to test its expression in different species.
Transient expression analysis by particle bom-
bardment and hairy root transformation of
M. truncatula revealed the potential usefulness of
MtHP as a constitutive promoter. Detailed anal-
ysis in Arabidopsis demonstrated that the pro-
moter could lead to GUS expression at various
developmental stages and in different tissues and
organs. In comparison with CaMV35S promoter,
higher levels of expression were consistently ob-
served with the MtHP promoter. Because
pCAMBIA vectors are widely used, and the only
difference between the two vectors in our study is
the promoter in front of the GUS gene, the com-
parison of the strengths of MtHP and CaMV35S
promoters is straightforward and practical. Even
though gene silencing might have occurred in the
35S-GUS construct due to the presence of two 35S
promoters, we tried to address this potential
problem by screening a large number of transgenic
plants for each gene construct and by analyzing
only the plants with typical expression pattern. In
order to test the influence of gene silencing, future
research is needed in which a promoter other than
the CaMV35S is used to drive the selectable mar-
ker gene in the 35S-GUS construct. It is also
interesting to note that a very short fragment of
the promoter (107 bp) could still lead to a mod-
erate level of expression approximately 47% of the

‘full-length’ promoter. Previous promoter deletion
analyses have shown that expression levels de-
crease drastically, or are minimal when the pro-
moter regions are less than 200 bp (McElroy et al.
1990; Santamaria et al. 2001; Lauvergeat et al.
2002; Grec et al. 2003; Kim et al. 2003; Wang and
Oard 2003). Thus it may be useful to conduct
further studies of the elements involved in the
short MtHP regulatory sequences.

The MtHP promoter was further tested in the
most widely grown forage legumes, white clover
and alfalfa. The gene expression patterns were
similar to that of the CaMV35S promoter but the
levels of gene expression were considerably higher.
Therefore, the MtHP promoter described in this
paper provides a practical choice to direct high
level and constitutive expression of transgenes.
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