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Abstract

The identification of regulatory elements conferring high levels of expression in differentiating pine xylem will be valuable for
genetic engineering of wood properties and will contribute to our understanding of gene regulation in this important group of
forest trees. We examined the roles of both upstream and downstream elements in regulating the expression of two genes with
preferential expression in developing xylem of loblolly pine. Gene constructs containing a PtX3H6, PtX14A9, or CaMV 35S
promoter, the uidA gene encoding b-glucuronidase, and a PtX3H6, PtX14A9, or NOS terminator were used to transform tobacco
and hybrid poplar. When combined with the NOS terminator, neither pine promoter conferred xylem-specific expression in
tobacco. When combined with the PtX3H6 promoter, an element at the 3% end of PtX3H6 reduced GUS expression resulting in
preferential expression in vascular tissues. This silencing effect was not observed when the pine terminator was tested in
conjunction with the CaMV 35S promoter. The PtX14A9 terminator did not increase tissue specificity. In leaves of transgenic
poplar, both pine promoters conferred preferential GUS expression in veins when combined with the NOS terminator. The
PtX3H6 terminator greatly decreased expression in leaves and stems when combined with the PtX3H6 promoter but only slightly
altered expression when combined with the CaMV 35S promoter. An element at the 3% end of PtX14A9 increased GUS expression
in veins when used in conjunction with either the PtX14A9 or CaMV35S promoter. © 2000 Elsevier Science Ireland Ltd. All
rights reserved.
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1. Introduction

During the past decade, genetic engineering of
wood properties has gone from an idea to reality.
Much of the work has focused on reducing lignin
content or altering its composition. Enzymes in-
volved in lignification have been cloned from sev-
eral tree species and in some cases, expression of
these genes has been altered resulting in modified

or reduced levels of lignin [1]. Other wood proper-
ties are also being altered or are potential targets
for genetic engineering. Transgenic aspen have
been produced with a 45% reduction in lignin and
a 15% increase in cellulose [2]. In the future, it
may be possible to alter levels of secondary prod-
ucts; increase the disease and insect resistance of
wood; alter cell properties such as microfibril an-
gle, specific gravity, fiber length and cell wall
thickness; or use trees for molecular farming.
Most of the successful attempts at engineering of
wood properties have been in angiosperms such as
Populus and Eucalyptus due to efficient transfor-
mation methods. However, due to their enormous
commercial value, considerable effort is going into
genetic engineering of conifers.
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Many genes needed for genetic engineering of
wood properties have been identified and many
more will follow as a result of tree genomics
projects. It is also expected that major hurdles in
transformations will be overcome and that in the
not too distant future we will begin to alter expres-
sion of multiple genes simultaneously and to more
precisely regulate the expression of transgenes.
Therefore, the use of xylem-specific regulatory ele-
ments will become necessary. To date, most trans-
formations in trees have employed the use of
promoters obtained from herbaceous plants or
plant viruses. The use of constitutive promoters
may prove to be detrimental to tree health. A
poplar PAL (phenylalanine ammonia lyase) pro-
moter conferring expression in xylem has been
characterized [3] but comparable conifer regula-
tory elements are generally not available.

Here, we describe the characterization of the
upstream and downstream elements flanking two
loblolly pine genes with preferential expression in
differentiating xylem. Expression of both PtX3H6
and PtX14A9 is high in differentiating xylem, low
in needles and embryos, and nondetectable in
megagametophytes [4]. We recently demonstrated
that both genes encode the protein cores of ara-
binogalactan-proteins (AGPs) (unpublished data).
AGPs are an interesting group of proteoglycans or
glycoproteins thought to play roles in plant devel-
opment and frequently exhibit tissue specific ex-
pression [5]. Elements controlling the expression of
PtX3H6 and PtX14A9 may be valuable for direct-
ing gene expression in transgenic conifers.

Preliminary experiments using microprojectile
bombardments for transient expression assays us-
ing promoter-uidA fusions resulted in GUS ex-
pression in unexpected tissues such as the
megagametophyte [6]. Expression in non-xylem
tissues may have been due to the artificial nature
of transient assays or due to missing regulatory
elements. To test the hypothesis that elements
downstream of the stop codon are required for
xylem-specific expression, upstream and down-
stream flanking sequences were tested in combina-
tion with the CaMV35S promoter and the NOS
terminator in transgenic tobacco and poplar.
Here, we report our findings that in one case, the
3% sequences contain an element that decreases
expression and in the other, the 3% sequences con-
tain a xylem enhancer-like element.

2. Methods

2.1. Plant material

Tobacco (Nicotiana tabaccum cv. Havana) and
hybrid poplar (Populus tremula×P. alba, clone
N717 1-B4) were used in the plant transformation
experiments. Plants were maintained on MS1/2
medium in vitro, and on Metromix 360 (Scott-
Sierra Horticultural Products, Marysville, OH) at
25°C under a 16 h photoperiod in the greenhouse.

2.2. Chimeric reporter gene construction

The genomic clones are described in Loopstra
and Sederoff (1995). Portions of the genomic
clones are shown in Fig. 1(A). The constructs
shown (Fig. 1(B)) were produced as follows. A
fragment of PtX3H6 starting 3.6 kb upstream
(Hind III site) and ending 145 bp downstream (Bgl
II site) of the transcription start site, was fused to

Fig. 1. (A) Organization the PtX3H6 and PtX14A9 genomic
clones. The numbers indicate nucleotide positions relative to
the transcription start sites of PtX3H6 and PtX14A9. Single-
dashed lines indicate transcription start sites. Double-dashed
lines indicate the polyadenylation sites. The solid arrows
indicate key restriction sites. The dashed arrows indicate
restriction enzyme sites created by PCR. (B) Diagram of the
constructs used for the transformations. 35S, CaMV35S pro-
moter; Nos-T, 3% sequences from the nopaline synthase gene;
3H6-5, 5% sequences of PtX3H6; 3H6-T, 3% sequences of
PtX3H6; 14A9-5, 5% sequences of PtX14A9; 14A9-T, 3% se-
quences of PtX14A9.
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the 5% end of the GUS coding region in the binary
vector pBI101.1 (Clonetech, Palo Alto, CA) using
Hind III and Bam HI sites and is referred to as
PtX3H6-5/N. The construct PtX3H6-5/3 contains
a 1.5 kb section of 3% genomic sequence, starting
59bp upstream of the stop codon, in place of the
NOS terminator. For the construct PtX3H6GUS-
35S/3, the region upstream (3.7 kb) of the GUS
coding sequence in PtX3H6-5/3 was replaced with
the CaMV35S promoter (0.8 kb) derived from
pBI221. To construct PtX14A9-5/N, a 3.4 kb piece
of 5% genomic region was prepared by PCR am-
plification and subcloned in pBI101.1. A 1.4 kb 3%
genomic PCR fragment starting 27 bp upstream of
the stop codon was used to replace the NOS
terminator in PtX14A9-5/3. The PtX14A9 5% se-
quences were replaced by the CaMV 35S promoter
to create PtX14A9-35S/3.

2.3. Generation of transgenic tobacco and poplar

The constructed binary vectors were mobilized
into Agrobacterium tumefaciens strain LBA4404
for tobacco transformations and C58pMP90 for
poplar transformation by electroporation.
Agrobacterium strains were co-cultivated with to-
bacco leaf discs [7] and poplar stem sections [8].
Kanamycin resistant tobacco and poplar shoots
were rooted and the plants were transferred to soil
and placed into the greenhouse. Five to 10 inde-
pendent transgenic tobacco and poplar plants were
analyzed for each construct.

2.4. Histochemical assays of GUS acti6ity

Histochemical staining for GUS activity was
performed as described by Jefferson [9]. Cross- or
longitudinal sections of stem were prepared from
10 cm below shoot apices of 2-month-old trans-
genic tobacco and poplar plants. The top fully
expanded leaves and one cm regions of root tip
were excised from poplars, and the vegetative or-
gans and the petioles were prepared from tobacco.
The mature stems from 30 cm below the shoot
apices of 6-month-old poplars were also trans-
versely cut to study expression patterns in different
wood developmental stages. Tissue samples were
placed in 10 mM X-Gluc (5-bromo-4-chloro-3-in-
dolyl b-D-glucuronide), vacuum infiltrated for 1
min, and incubated overnight at 37°C in the dark.
After staining, the samples were cleared by incuba-

tion in 70% ethanol at 4°C, and observed using a
stereomicroscope.

2.5. Transcription run-on analyses

Nuclei were isolated from differentiating xylem
and embryos of loblolly pine. The tissues were
ground in dry ice (xylem) or liquid nitrogen (em-
bryos) and gently mixed with cold nuclei extrac-
tion buffer (2.4% Ficoll 400, 4.8% Dextran T40, 24
mM Tris-HCl (pH 7.6), 4.8 mM MgCl2, 0.3%
Triton X-100, 0.15 mM spermine, 0.5 mM sper-
midine, 0.2 mM PMFS, 0.4 M sucrose-1 g xylem/5
ml buffer and 1 g embryos/10 ml buffer) for 10
min. The nuclei were filtered through two layers of
miracloth and pelleted by centrifugation. The pel-
lets were resuspended in 5 ml cold extraction
buffer without spermine or spermidine and loaded
onto a Percoll gradient containing 5 ml each of 40,
60, and 80% Percoll diluted in extraction buffer
and 2 M sucrose. The gradients were centrifuged
for 8 min at 4°C at 4000 rpm (Sorvall HS4 swing-
ing bucket rotor, 2183×g) and the nuclei were
collected from the interface between the 2 M
sucrose and the 80% Percoll. The nuclei were
diluted 5 fold with cold nuclei wash buffer (50 mM
Tris-HCl (pH 7.6), 5 mM MgCl2, 20% glycerol)
and pelleted by centrifugation (8 min at 4500 rpm,
2762 g, Sorvall HS4 swinging bucket rotor). After
resuspending the nuclei in the nuclei wash buffer,
they were again precipitated. They were finally
resuspended in 0.3 ml nuclei storage buffer (50
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 50%
glycerol).

Transcription buffer (0.1 ml; 160 mM
(NH)2SO4, 100 mM MgCl2, 4 mM MnCl2, 2 mM
each of ATP, CTP and GTP), and 125 mCi alpha-
32P-UTP were added to each sample and incu-
bated at 29°C for 30 min. At that point, 112 ug
tRNA, 18 ml 0.5 HEPES (pH 7.6), 0.45 ml 1 M
CaCl2, and 100 units Dnase I were added and
incubated at 37°C for 20 min. Following a 20 min
proteinase K digestion (10 mM Tris-HCl (pH 7.5),
5 mM EDTA, 1% SDS, 100 ug/ml proteinase K)
at room temperature, the solution was heated to
80°C for 10 min and extracted twice with chloro-
form/isoamyl alcohol. The RNA was precipitated
with ethanol, the pellet washed in 70% ethanol,
and resuspended in 50 ul TE. The unincorporated
nucleotides were removed by passage through a
G-50 sephadex column.
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Equal amounts of the plasmid DNAs were de-
natured in 0.4 N NaOH, 1 mM EDTA for 20 min
at 65°C and a slot blot apparatus used to blot the
DNAs onto Hybond N+ membrane (Amer-
sham). The membranes were washed briefly in 2×
SSC and crosslinked using an ultraviolet
crosslinker. The membranes were washed (5×
SSPE, 2× Denhardt’s, 0.5% SDS) for 2 h at
65°C, prehybridized overnight at 65°C (5× SSPE,
2× Denhardt’s, 0.5% SDS, 50 mg/ml each of
tRNA and polyA) and hybridized at 65°C for 2
days in the hybridization buffer (same composi-
tion as the pre-hybridization buffer) with alpha-
32P-UTP labeled probe. The membranes were
washed in 2× SSC at room temperature for 5
min, in 2× SSC/0.5% SDS at 65°C for 20 min,
and finally in 0.1× SSC/0.2% SDS at 65°C for 30
min.

3. Results

3.1. Chimeric reporter gene construction

To localize the regulatory sequences required to
direct high levels of expression in differentiating
xylem, constructs containing the sequences up-
stream and downstream of the two pine xylem
genes were tested in transgenic tobacco and
poplars. All constructs contain the uidA gene en-
coding b-glucuronidase (GUS) driven by the
CaMV35S, PtX3H6, or PtX14A9 promoters. Each
pine promoter–GUS combination was tested with
both the nopaline synthase (Nos) terminator and
the corresponding pine terminator. The CaMV35S
promoter was combined with all three terminators
(Fig. 1(B)). Different results were observed in to-
bacco and poplar. The PtX3H6 5% and 3% flanking
sequences were not as active in poplar as in to-
bacco. GUS activity driven by the PtX14A9 pro-
moter and terminator was much more
vascular-specific in poplar than in tobacco.

3.2. Histochemical localization of GUS acti6ity in
petioles and stems of transgenic tobacco

In order to examine the tissue specificity caused
by the PtX3H6 and PtX14A9 5% and 3% flanking
sequences, all seven constructs shown in Fig. 1(B)
were used to transform tobacco, and GUS local-

ization examined using 2-month-old transfor-
mants. GUS activity in plants transformed with
35S/N was high in all tissues, but in petioles was
greatest in bicollaternal phloem and vascular tis-
sues. In stems, GUS expression in the vascular
tissue and internal phloem was intense resulting in
two distinct blue-stained cylinders encompassing
the mature xylem layer (Fig. 2, Table 1).

In petioles and stems of plants transformed with
the PtX3H6-5/N construct (PtX3H6 promoter,
NOS terminator), GUS expression was detected in
most tissues (Fig. 2). The highest staining was
localized in the vascular tissues, and moderate
expression was observed in perivascular par-
enchyma cells. Faint expression was observed in
the cortex and pith upon prolonged staining (data
not shown). In petioles and stems of plants trans-
formed with the PtX3H6-5/3 construct (PtX3H6
promoter and terminator), GUS expression was
greatly reduced and was primarily restricted to
vascular tissues (Fig. 2). The staining in stems was
associated with the cambium, differentiating
xylem, ray parenchyma and internal phloem. Very
faint staining was observed in perivascular par-
enchyma cells. The results suggest that the 5%
PtX3H6 flanking region contains sequences re-
sponsible for high expression of the PtX3H6 gene
especially in vascular tissues. Sequences in the
terminator or 3% flanking region reduce expression.
To determine if the 3% sequence can silence gene
expression without the PtX3H6 promoter, we ex-
amined GUS expression using transformants har-
boring PtX3H6-35S/3, containing GUS driven by
the 35S promoter and the PtX3H6 3% sequence.
GUS activity in tobacco transformed with
PtX3H6-35S/3 was similar to that in 35S/N trans-
formants except for fainter staining in perivascular
parenchyma cells. Considerable GUS expression
remained in the cortex and pith. This result sug-
gested the putative negative element in the
PtX3H6 3% sequence is insufficient to shut down
strong GUS activity driven by the 35S promoter in
the cortex and pith.

GUS expression in PtX14A9-5/N (PtX14A9
promoter, Nos terminator), PtX14A9-5/3
(PtX14A9 promoter and terminator), and
PtX14A9-35S/3 (CaMVV 35S promoter, PtX14A9
terminator) transformants was high in all tissues
of tobacco petioles and stems (Fig. 2). In petioles
of tobacco transformed with PtX14A9-5/N and
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Fig. 2. Histochemical localization of GUS activity in petioles and stems of transgenic tobacco. 35S/N, CaMV 35S promoter, Nos
terminator; PtX3H6-5/N, PtX3H6 promoter, Nos terminator; PtX3H6-5/3, PtX3H6 promoter and terminator; PtX3H6-35S/3,
CaMV 35S promoter, PtX3H6 terminator; PtX14A9-5/N, PtX14A9 promoter, Nos terminator; PtX14A9-5/3, PtX14A9 promoter
and terminator; PtX14A9-35S/3, CaMV 35S promoter, PtX14A9 terminator.
Fig. 3. Histochemical localization of GUS activity in leaves, young stems, and older stems of transgenic poplar. 35S/N, CaMV
35S promoter, Nos terminator; PtX3H6-5/N, PtX3H6 promoter, Nos terminator; PtX3H6-5/3, PtX3H6 promoter and terminator;
PtX3H6-35S/3, CaMV 35S promoter, PtX3H6 terminator; PtX14A9-5/N, PtX14A9 promoter, Nos terminator; PtX14A9-5/3,
PtX14A9 promoter and terminator; PtX14A9-35S/3, CaMV 35S promoter, PtX14A9 terminator.

PtX14A9-5/3, GUS expression was reduced in par-
enchyma cells surrounding vascular and vein tissue
in comparison with other tissues. This resulted in
more narrow GUS localization in vascular tissues
in comparison with that from PtX14A9-35S/3.
The avoidance of GUS expression in parenchyma

cells surrounding vascular tissue in petioles was
more obvious in PtX14A9-5/N than PtX14A9-5/3
transformants. In stems, PtX14A9-5/3 resulted in
more GUS expression in ray cells, in perivascular
parenchyma cells, and in the cortex region near
the epidermal layer than PtX14A9-5/N. GUS ac-
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tivity however was less in plants transformed with
PtX14A9-35S/3 than those transformed with 35S/
NOS.

3.3. Histochemical localization of GUS acti6ity in
lea6es, stems and roots of young transgenic poplar

In order to examine expression driven by the
PtX3H6 and PtX14A9 promoters and flanking
sequences in woody plants, we used all constructs
to transform hybrid poplar, a woody angiosperm,
and stained leaves, roots and stems with X-Gluc.
The PtX3H6-5/N and the PtX14A9-5/N con-
structs resulted in preferential expression in vascu-
lar tissues of 2-month-old poplar leaves and roots;
veins of leaves (Fig. 3, Table 1) and the vascular
cylinder in roots. GUS staining was very faint in
the leaf mesophyll cells and the root cortex. The
35S/N construct conferred expression patterns in
poplar leaves and roots very different from those
observed with PtX3H6-5/N and PtX14A9-5/N.
GUS expression was mainly localized in the leaf
mesophyll cells and the root vascular cylinder,
apex and tip. In the young poplar stems, PtX3H6-
5/N and PtX14A9-5/N transformants did not ex-
hibit tissue specificity (Fig. 3). However,
observation under higher magnification showed
that transformation with PtX3H6-5/N resulted in
preferential expression in vascular tissues such as
differentiating xylem and the ray parenchyma cells

adjacent to the cambial region. PtX14A9-5/N re-
sulted in expression not only in vascular tissue but
also in the parenchyma cells around the primary
xylem located inside the secondary xylem layer.
While expression in ray parenchyma cells in
PtX3H6-5/N transformants was close to the cam-
bium layer, the expression of the ray parenchyma
cells in PtX14A9-5/N transformants was through-
out whole rays between the cambial region and
primary xylem. GUS staining in 35S/N transfor-
mants was associated with all tissues. The high
GUS expression in the cortex of transgenic poplar
harboring 35S/N exhibited clear contrast with the
weak expression in the cortex of poplar trans-
formed with PtX3H6-5/N and PtX14A9-5/N.

Replacement of the NOS terminator in
PtX3H6-5/N with the 3% region of PtX3H6
(PtX3H6-5/3) resulted in a dramatic decrease in
GUS activity in all organs and tissues. Only faint
GUS activity localized in vascular tissues in roots
and stems was observed. The 3% region of PtX3H6
was tested in conjunction with the 35S promoter
using PtX3H6-35S/3. In leaves containing
PtX3H6-35S/3, GUS expression in mesophyll tis-
sue was more separated from adjacent veins than
in 35S/N plants. In young stems, GUS expression
decreased in the ray parenchyma cells while ex-
pression in the primary xylem remained high. This
resulted in a cylindrical pattern inside the mature
xylem layer (Fig. 3).

Table 1
Comparison of GUS expression in vascular and nonvascular tissues of transgenic tobacco and poplar containing pine regulatory
element–GUS fusions

TobaccoSpecies Poplar

Organ StemPetiole Leaf Mature stemYoung stem

NVVNVVNV NVVV NVTissue-Vascular/Nonvasculara V

+++b35S/N ++c ++c+++b –e +++b +++b +++b +++b +++b

++c +++b +d +dPtX3H6-5/N –e+++b +++b +d

–e ++c –e –ePtX3H6-5/3 –e+++b +d +d ++c +d

++c+++b+++b–ePtX3H6-35S/3 ++c+++b++c+++b

++c +++b ++cPtX14A9-5/N +d+++b –e +++b ++c

+++b ++c +++b ++c ++cPtX14A9-5/3 –e +++b –e+++b++c

++c+++b++c+++bPtX14A9-35S/3 +++b+++b++c++c

a V, vascular tissues; NV, nonvascular tissues.
b +++, high GUS expression.
c ++, intermediate GUS expression.
d +, low GUS expression.
e –, very little or no GUS expression.
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In contrast, replacement of the NOS terminator
in PtX14A9-5/N with the 3% region of PtX14A9
(PtX14A9-5/3) enhanced GUS activity in leaves.
In addition to primary veins, GUS activity became
apparent in secondary veins (Fig. 3). Although
there was no particular evidence of enhancement
in roots and stems, the additional GUS expression
in secondary veins in leaves suggested that the 3%
region of PtX14A9 contains an element modulat-
ing gene expression in a vascular-specific manner.
This was confirmed when we tested the enhancing
ability of the 3% region of PtX14A9 with the 35S
promoter using PtX14A9-35S/3. GUS expression,
which had not been observed in the leaf veins of
the 35S/N poplars, was gained by the replacement
of the NOS-terminator with 3% sequence of
PtX14A9 gene (Fig. 3). The CaMV35S promoter
and the PtX14A9 3% sequences appeared to act in
an additive fashion resulting in constitutive expres-
sion in poplar leaves.

3.4. Histochemical localization of GUS acti6ity in
mature stems of transgenic poplar

In order to study the PtX3H6 and PtX14A9
promoters and flanking sequences during wood
development, histochemical staining was per-
formed on poplar stems taken from more mature
regions of the stem, from 30 cm below shoot
apices of 6-month-old poplars grown in the green-
house. The corresponding regions of the 35S/N
transformants were also examined as controls.

Histochemical localization of GUS activity in
transverse sections of the mature stems (Fig. 3)
differed from the expression patterns conferred by
PtX3H6-5/3 and PtX14A9-5/3 in young plants.
Compared to young stems, GUS staining directed
by PtX3H6-5/3 and PtX14A9-5/3 in mature stems
was more specifically located in the vascular cylin-
der. Compared to young stems, GUS activity in
PtX3H6-5/3 mature stems appeared to be in-
creased in the vascular cylinder, and GUS activity
in PtX14A9-5/3 transgenic plants decreased in the
cortex and pith, resulting in greater tissue-specific-
ity. In comparisons between PtX3H6-5/3 and
PtX14A9-5/3, PtX3H6-5/3 directed GUS expres-
sion mainly in the cambial region, and PtX14A9-
5/3 in the cambial region and the most recently
developed secondary xylem. GUS staining in ma-
ture stems containing 35S/N was associated with
most areas and was similar to expression in young

stems. GUS expression directed by the PtX3H6
and PtX14A9 sequences becomes more vascular-
specific during secondary growth of the stem, i.e.
during wood development.

3.5. Histochemical localization of GUS acti6ity in
other organs of the transgenic plants

It seems likely that the 3% regions of the two
genes contain important regulatory sequences as
shown in the previous results. Therefore, we de-
cided to use PtX3H6-5/3 and PtX14A9-5/3 for
further histochemical analyses. In stems of plants
containing PtX3H6-5/3, staining was especially
heavy in nodal regions such as in the axillary buds
and at the base of the axillary buds (data not
shown). PtX14A9-5/3 stems exhibited very faint
GUS activity at the same locations. 35S/N trans-
formants had high expression at the node as well
as in the axillary buds.

Another distinct difference between PtX3H6
and PtX14A9 expression patterns can be observed
in reproductive organs of transgenic tobacco. In
the fully developed flower of tobacco transformed
with PtX3H6-5/3, strong GUS activity was de-
tected in the stigma, at the base of ovary and in
the vascular tissue in the receptacle (data not
shown). Faint GUS staining was located at the
base of the style and in the ovule, with no staining
in the sepals and the petals. In contrast, in the
flowers resulting from PtX14A9-5/3 transforma-
tions, only stamens exhibited strong GUS activity.
The base of petals showed slight activity. During
seed development, GUS activity in the ovule and
the ovary of PtX3H6-5/3 transformants increased
dramatically to result in strong activity in the
developing seeds and surrounding tissue. No GUS
activity directed by PtX14A9-5/3 was maintained
in the ovary during seed development. 35S/N
drove GUS activity in all reproductive organs
except the style and throughout all stages.

3.6. Transcription run-on assays

Transcription run-on assays were done to deter-
mine whether the xylem-specific expression of
PtX3H6 and PtX14A9 is the result of transcrip-
tional or post-transcriptional regulation. Nuclei
were isolated from xylem and embryos and run-on
transcripts were hybridized to PtX3H6, PtX14A9,
and rRNA cDNA clones as well as to empty
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Fig. 4. Transcription run-on assays to examine the levels of
PtX3H6 and PtX14A9 transcription in loblolly pine xylem
and embryos. A rDNA clone was used as a positive control
and empty vector was used as a negative control.

that 5% and 3% sequences are required for correct
expression of both genes. The 5% sequences of the
two genes are necessary for high levels of expres-
sion in vascular tissues. The 3% sequences of the
two genes have distinct functions. Sequences
downstream of PtX3H6 reduce expression in most
tissues. In contrast, sequences downstream of
PtX14A9 enhance expression levels in a tissue-spe-
cific manner as was demonstrated in poplar leaf
veins. The PtX3H6 3% element does not reduce
GUS expression when used in conjunction with
the CaMV35S promoter whereas the PtX14A9 3%
enhancer can increase expression in vascular tis-
sues in combination with either the PtX14A9 or
CaMV35S promoters.

Regulatory elements in 3% untranslated and
flanking regions of plant genes have been iden-
tified in other studies. Examples include a potato
proteinase inhibitor II (PI-II) gene [10], a petunia
small subunit of ribulose bisphosphate carboxylase
(rbc S) gene [11], an oilseed rape root–cortex–
protein (AX92) gene [12], and potato sucrose syn-
thase (Sus3 and Sus4) genes [13,14]. The potato
Sus3 gene provides particularly clear evidence of
how 5% and 3% sequences are required for proper
sucrose-inducibility and tissue-specificity. In these
examples, the 3% sequences act as transcriptional
enhancers or as sequence determinants controlling
posttranscriptional regulation. Cis-acting elements
acting as transcriptional enhancers are generally
located downstream of the polyadenylation site
rather than in the 3% untranslated region, and often
regulate gene expression in a tissue- and time-de-
pendant manner during development, as studied in
the Arabidopsis myb gene homolog, GL1, [15]. The
3% sequences modulate stability of petunia rbc S
mRNA [11] or efficiency of mRNA 3% formation in
potato PI-II [10]. Chen et al. [16] illustrated tissue-
specific expression through posttranscriptional
regulation in plants using the Sesbania nostrata
nodulin (SrEnod 2) gene.

Currently, it is not known if the putative nega-
tive element in the PtX3H6 gene and the enhancer
element of the PtX14A9 gene are located in the 3%
untranslated regions or 3% flanking sequences. It is
possible that the PtX3H6 3% sequence directs post-
transcriptional regulation in a similar manner to
the SrEnod 2 gene, and the PtX14A9 3% sequence
directs transcriptional regulation in a similar man-
ner to the Arabidopsis GL1. Transcription run-on
assays done to determine whether the xylem-spe-

vector. The results of the run-on experiments indi-
cate PtX3H6 is transcribed at a rate 3–5 times
higher in xylem than in embryos (Fig. 4). The
differences in RNA levels as determined by north-
ern blot analyses are much higher than this. This
may indicate that the regulation of PtX3H6 is
both transcriptional and post-transcriptional. It is
also possible that G-C rich transcripts of other
genes hybridized to PtX3H6 since cytosines make
up 47% of the coding region. Hybridization of
non-PtX3H6 transcripts would obscure xylem-spe-
cific transcription. PtX14A9 is actively transcribed
in xylem but not embryos suggesting the tissue-
specificity is due to differences in transcription
(Fig. 4).

4. Discussion

Regulatory elements capable of conferring pref-
erential expression in differentiating xylem will be
valuable for genetic engineering of wood proper-
ties and will contribute to an understanding of
conifer gene regulation. Relatively few conifer pro-
moters have been isolated and characterized and
even fewer have been tested in transgenic plants.
We have isolated both 5% and 3% flanking sequences
of two pine genes with preferential expression in
xylem and have tested them in transgenic tobacco
and poplar.

For many plant genes, 5% sequences are sufficient
to confer the correct pattern of gene expression.
However, a comparison of PtX3H6 and PtX14A9
mRNA accumulation in pine organs with GUS
expression in transgenic plants led us to conclude
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cific expression of PtX3H6 and PtX14A9 is the
result of transcriptional or post-transcriptional
regulation indicated that PtX3H6 regulation may
be a combination of both. However, the hybridiza-
tion of embryo transcripts to PtX3H6 may have
been due the C-rich nature of the gene. PtX14A9
xylem-specificity appears to be due to differences
in transcription (Fig. 4). The precise modes of
action of the 3% sequences of PtX3H6 and
PtX14A9 remain to be elucidated.

The patterns of GUS expression observed in
transgenic tobacco and poplar are not always
those expected based on expression patterns of
PtX3H6 and PtX14A9 in pine, based on northern
blot analyses. In pine, PtX3H6 transcripts are very
abundant and are present at many times the levels
of phenylalanine ammonia lyase or cinnamyl alco-
hol dehydrogenase transcripts [4]. In transgenic
tobacco, high levels of GUS expression were ob-
served when the PtX3H6 promoter was used in
conjunction with the NOS terminator but expres-
sion was not particularly high when the pine 3%
end was used. Expression in poplar was low. The
PtX14A9 constructs resulted in fairly constitutive
GUS expression in tobacco. GUS was however,
preferentially expressed in vascular tissues of
poplar leaves, roots, and mature stems. These
differences may simply be the natural pitfalls en-
countered when using heterologous plants. Het-
erologous plants may not have all the trans-acting
elements necessary to correctly regulate gene ex-
pression, and may have different physical and
biochemical characteristics in comparable tissues.
Even within angiosperms, expression of a reporter
gene is not always the same in a heterologous
system as in the species from which the promoter
was obtained. One example is the promoter of the
Brassica napus seed storage protein nap2 [17].
GUS expression in seeds of transgenic tobacco
containing a promoter–GUS fusion was similar to
that in B. napus but expression in anthers and
leaves differed. A soybean cytosolic glutamine syn-
thase promoter contains elements shown to con-
trol ammonia-stimulated transcription. However,
in transgenic tobacco and alfalfa transformed with
a GS15promoter–GUS fusion, treatment with am-
monia did not increase GUS expression [18].

In addition, we cannot exclude a possibility that
elements required for correct gene expression are
missing from our constructs. Important elements
may be locate within the translated region or

further upstream or downstream of the tested
flanking sequences. A light-responsive element in
pea ferredoxin (Fed-I) gene is located within the
translated region and this element is thought to
affect mRNA stability [19]. Regulatory elements
are sometimes also found within introns. How-
ever, neither PtX3H6 nor PtX14A9 contain
introns.
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