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Abstract

The effects of the over-expression of the Acetobacter

xylinum UDP-glucose pyrophosphorylase (UGPase)

under the control of the tandem repeat Cauliflower

Mosaic Virus promoter (2335S) on plant metabolism

and growth were investigated in hybrid poplar (Pop-

ulus alba3grandidentata). Transcript levels, enzyme

activity, growth parameters, leaf morphology, struc-

tural and soluble carbohydrates, and soluble metabo-

lite levels were quantified in both transgenic and

wild-type trees. Transgenic 2335S::UGPase poplar

showed impaired growth rates, displaying reduced

height growth and stem diameter. Morphologically,

2335S::UGPase trees had elongated axial shoots, and

leaves that were substantially smaller in size when

compared with wild-type trees at equivalent develop-

mental stages. Biochemical analysis revealed signifi-

cant increases in soluble sugar, starch, and cellulose

contents, and concurrent decreases in lignin content.

Lignin monomer composition was altered in favour of

syringyl moieties. Detailed soluble metabolite analysis

revealed that 2335S::UGPase trees had as much as

a 270-fold increase in the salicylic acid 2-O-b-D-

glucoside (SAG), a compound typically associated

with the stress response. These data suggest that

while it is possible to alter the allocation of carbon in

favour of cellulose biosynthesis, whole plant changes

result in unexpected decreases in growth and an

increase in defence metabolites.

Key words: Carbon allocation, cellulose, hybrid poplar,

sucrose metabolism, UDP-glucose, UDP-glucose

pyrophosphorylase.

Introduction

To maximize resource acquisition and to minimize
exposure to deleterious phenomena, trees constantly
monitor endogenous and environmental cues, and use this
information to regulate resource allocation. Ultimately,
these responses are controlled by gene expression
patterns, resulting in the synthesis of a variety of
metabolites, including carbohydrates, which can accumu-
late, participate in metabolite channelling and/or be
polymerized into more complex macromolecules. Studies
have shown that altered carbon partitioning can manifest
changes in the chemical composition of plants by the
altered regulation of genes involved in the synthesis of
lignin or cellulose (Li et al., 2003; Canam et al., 2006).
Despite these findings, how carbon partitioning occurs
and the factors that regulate plants to produce more or less
cellulose still remain largely unanswered. It may be
possible to alter and/or regulate carbohydrate utilization
by increasing the availability of precursor substrates such
as UDP-glucose in the production of cellulose, or ADP-
glucose in starch synthesis. The availability of soluble
carbohydrates would therefore be a key component; to
altering and/or regulating carbohydrate utilization, thus by
increasing available sugar metabolites in the sink cells
(i.e. UDP-glucose), there may be the potential to augment
cellulose production and content.
Two pathways have been identified that lead to the

direct production of UDP-glucose. The first is based on
the cleavage of sucrose by sucrose synthase (SuSy; EC
2.4.1.13) liberating fructose and UDP-glucose, while the
second relies on the hexose phosphate pool and the active
phosphorylation of glucose 1-phosphate by UDP-glucose
pyrophosphorylase (UGPase, EC 2.7.7.9). UGPase is
considered to be a key enzyme in carbohydrate bio-
synthesis and plays an important role in sucrose
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metabolism (Coleman et al., 2006). In sink tissues,
UGPase works in co-ordination with the sucrolytic
enzymes (i.e. SuSy, fructokinase, and SPS/SPP) in the
metabolism of sucrose and hexose phosphates, while in
source tissues, UGPase works closely with SPS in the
synthesis of sucrose (Kleczkowski, 1994). As such, the
dual functionality of UGPase makes it an interesting target
for altering cellulose production; it has the potential to
increase the amount of sucrose in source tissues, and
concurrently decrease sucrose in sink tissues, thereby
modulating the solute potential gradient and facilitating
sucrose channelling to sink tissues.
Previous investigations have focused primarily on

down-regulating UGPase enzyme activity, as evidence
suggests that UGPase is present in ample supply in plants
(Appeldoorn et al., 1997; Magel et al., 2001). However,
the results of such studies are mixed, ranging from no
observed phenotypic effect in potato tubers despite a de-
crease in UGPase by 96% (Zrenner et al., 1993) to
substantial decreases in soluble sugar concentrations in
potato tubers with a 30–50% reduction in activity
(Spychalla et al., 1994; Borokov et al., 1996). In
Arabidopsis, similar reductions in soluble sugars were
observed when UGPase activity was reduced by ;50%
(Johansson, 2003). In contrast, when UGPase activity
was up-regulated in tobacco, increased plant biomass and
changes in carbohydrate metabolism were observed, albeit
without altering partitioning to cellulose (Coleman et al.,
2006). Studies evaluating native UGPase gene expression
patterns in poplar clearly demonstrate the onset of
UGPase up-regulation during late cell expansion and
secondary cell wall formation, which is consistent with
the theory that UGPase contributes in providing the
immediate substrate for cellulose synthesis, and is co-
ordinately up-regulated with the cellulose synthase com-
plex (Hertzberg et al., 2001).
The current study attempts to further elucidate the role

of UGPase in secondary cell wall biosynthesis in hybrid
poplar, and its effects on carbon partitioning. Poplar trees
were transformed with UGPase from Acetobacter xylinum
under the control of the constitutive (2335S) promoter
and were used to evaluate changes in tree growth
characteristics, biochemistry, and cell wall chemistry. The
Acetobacter-derived UGPase gene was chosen for these
studies since it shows a high specificity for UDP-glucose
(Brede et al., 1991), in contrast with the broader substrate
specificity of plant-derived non-specific UDP-sugar pyro-
phosphorylases (Kotake et al., 2004).

Materials and methods

Cloning of UGPase and plasmid construction

UGPase (M76548) was cloned from Acetobacter xylinum ATCC
#23768 and inserted into the pBIN cloning vector under the control
of the enhanced tandem CaMV 35S (2335S) constitutive promoter

(Datla et al., 1993; Kay et al., 1987). Sequence analysis was used to
confirm the proper insertion of the promoter and gene into the
binary vector.

Plant transformation and maintenance

Hybrid poplar (Populus alba3grandidentata) was transformed
using Agrobacterium tumefaciens EHA105 (Hood et al., 1993)
using a standard leaf disc inoculation. Binary plasmids were
inserted into EHA105 using the freeze–thaw technique, and
incubated overnight in liquid Woody Plant Media (WPM: McCown
and Lloyd, 1981) with 100 lM acetosyringone. Leaf discs were cut
and co-cultured with EHA105 for 1 h at room temperature, blotted
dry, and plated abaxially onto WPM supplemented with 0.1 lM
each a-naphthalene acetic acid (NAA), 6-benzylaminopurine (BA),
and thiadiazuron (TDZ) and solidified with 3% (w/v) agar and 1.1%
(w/v) phytagel (WPM 0.1/0.1/0.1). After three days the discs were
transferred to WPM 0.1/0.1/0.1 supplemented with carbenicillin
disodium (500 mg l�1) and cefotaxime sodium salt (250 mg l�1).
Following three additional days, the discs were transferred to WPM
0.1/0.1/0.1 containing carbenicillin, cefotaxime, and kanamycin (25
mg l�1). After 5 weeks, shoots and callus material were transferred
to WPM with agar and phytagel, 0.01 lM BA, carbenicillin,
cefotaxime, and kanamycin. Once individual shoots were visible,
plantlets were transferred to solidified WPM with 0.01 lM NAA
and carbenicillin, cefotaxime, and kanamycin to induce rooting.
After two consecutive 5-week periods on this media, shoot tips
were isolated to solidified antibiotic-free WPM with 0.01 lM NAA.
Plants were confirmed as transgenic by PCR screening of

genomic DNA employing gene-specific oligonucleotides: specifi-
cally, UGP-F (5#-ATCGAGGAATTCTGCCTCGT-3#) and UGP-R
(5#-TCGCAAGACCGGCAACAGGATT-3#).
All shoot cultures, including transgenic and non-transformed

control lines, were maintained on solid WPM with 0.01 lM NAA
in GA-7 vessels at 22 �C under a 16 h photoperiod with an average
photon flux of 40 lmol m�2 s�1.

Plant growth and biomass

Tissue culture plantlets were transferred into 7.5 l pots containing
a 50% peat, 25% fine bark, and 25% pumice soil mixture in the
greenhouse, and covered with 16 oz clear plastic cups for 1 week to
aid in acclimation. Each poplar line, transgenic and wild type, was
represented by 12 clonally-propagated trees. The greenhouse trees
were harvested after 4 months growth, at which time tree height,
from base to tip, and stem diameter (10 cm above root collar) were
measured.
Developmental stages of tissues were standardized by employing

a plastochron index, where leaf plastochron index PI¼0 was defined
as the first leaf greater than 3 cm in length, and where PI¼1 was the
leaf immediately below PI¼0. Portions of the stem from each plant
spanning PI¼5 to PI¼15, and from PI¼15 to PI¼25 were excised
and dried at 105 �C for 48 h for dry weight determination, and
retained for further analysis. Leaves were also collected in ten node
groups (PI 6–15, PI 16–25) and analysed using an Area Meter (Li-
Cor Environmental, Lincoln NE), and then dried at 105 �C for 48 h
for dry weight determination. Developing xylem was scraped and
flash frozen in liquid nitrogen for future analysis of enzyme activity,
RNA transcript abundance, and soluble sugar analysis.

Transcription levels

Real-time PCR was used to determine transcript abundance of each
transgene. Leaf and developing xylem samples weighing approxi-
mately 1 g (FW) were ground in liquid nitrogen, and RNA was
extracted according to the method of Kolosova et al. (2004). One
lg of RNA was used for the synthesis of cDNA using Superscript II
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Reverse Transcriptase (Invitrogen, Carlsbad, CA) and dT16 primers
according to the manufacturer’s instructions. Samples were run in
triplicate with Brilliant SYBR Green QPCR Master Mix (Strata-
gene, La Jolla, CA) on an Mx3000P Real-Time PCR System
(Stratagene). The primers for the RT-PCR analysis of the
Acetobacter xylinum UGPase were AU-RTF (5#-TGGAAGCAAC-
CCGCGTCATC-3#) and AU-RTR (5#-GCCAAGGCCCAGCGG-
TTCC-3#). Conditions for the RT-PCR reactions were as follows:
95 �C for 10 min, followed by 40 cycles of 95 �C for 30 s, 62 �C
for 1 min, and 72 �C for 30 s. Transcript levels were based on
standard curves derived from known concentrations of plasmid
DNA run under the same conditions. Transcript abundance of the
two native poplar UGPase genes, as per Meng et al. (2007) was
concurrently evaluated by RT-PCR using the following primers:
PtUGP1F (5#-GGCTTCTTCAGATTTGCTTCTG-3#), PtUGP1R
(5#-CCAGTTTCACACCAGATTTCAC-3#) and PtUGP2F (5#-
GCAACTTCAGATCTGCTTCTTG-3#), PtUGP2R (5#-
TCCAATTTCACACCAGATTTTG-3#).

In addition, the transcription abundance of key genes involved in
lignin and cellulose production in the developing xylem were also
quantified, including: phenylalanine ammonia-lyase, PAL-RT-FW
(5#-AAAGGTGCCGAAATTGCCATGG-3#), PAL-RT-RV (5#-TG-
CAGAAATCAAGCCCAAGGAG-3#); cinnamate 4-hydroxylase,
C4H-RT-FW (5#-GTGGGGAATTGCTGAGCTTGT-3#), C4H-RT-
RV (5#-CGCAACTTCTTCTGGATTTCA-3#); coumarate 3-
hydroxylase, C3H-RT-FW (5#-ATGGCTTCGTTGGATGTTTC-3#),
C3H-RT-RV (5#-ATCCATAATAGCTCTAGTGA-3#); caffeoyl
CoA 3-O-methyltransferase, CCOMT-RT-FW (5#-TTTGCATGCT-
TCCTGTTGGTGA-3#), CCOMT-RT-RV (5#-AATGCAGCCCCT-
CACTTGATCC-3#); cinnamoyl CoA reductase, CCR-RT-FW
(5#-ATGGTTTACTCTATGTGCTTCTCT-3#), CCR-RT-RV (5#-
GCTCCTCCTTCACAAACCTTAA-3#); cinnamyl alcohol dehdro-
genase, CAD-RT-FW (5#-ATGAAGTGGTTGGTGAGGTTGT-3#),
CAD-RT-RV (5#-ACACCGACAACATCTCCAACTT-3#); ferulate
5-hydroxylase, F5H-RT-FW (5#-AGCTCGCAGACGTGGTGGGT-
TTAG-3#), F5H-RT-RV (5#-GAAATAACCAGCAACCTCAG-
CATCT-3#); caffeic acid 3-O-methyltransferase, COMT-RT-FW
(5#-GCCAGTGCTTCAGTTCTACCAA-3#); COMT-RT-RV (5#-
GGTCGAGTTCAATGGCTGTTTT-3#); 4CL-RT-FW (5#-GCAC-
CTAAAACTCACCATCTCTCC-3#), 4CL-RT-RV (5#-AAGGTTT-
TTCGGGATGTAGATGTC-3#); sucrose synthase, SuSyPt-RT-FW
(5#-CCATGGATTGCTCTTGCTCTGC-3#), SuSyPt-RT-RV (5#-
GCAACACGCAAATCCTCAACAA-3#); and cellulose synthase,
CESA-RT-FW (5#-AGAGCTGTGATCATTATGCGACTG-3#),
CESA-RT-RV (5#-ACCCAAGAAAATGCAAACCAGATC-3#).
The genes selected and employed for transcript analysis of the
lignin branch of the phenylpropanoid pathway and cellulose
biosynthesis were based on previously reported high levels (highest
of each isoform) during EST expression profiling of the cambial
zone and tension wood formation in poplar (Sterky et al., 2004).
Critical threshold (ct) values for all genes were quantified in
triplicate and normalized to b-actin transcript levels.

Enzyme activity

Leaf and developing xylem samples (approximately 1 g FW) were
ground in liquid nitrogen with 1 mg of insoluble PVPP and 4 vols
of extraction buffer (50 mM HEPES–KOH pH 7.5, 10 mM MgCls,
1 mM EDTA, 2 mM DTT, 1 mM PMSF, 5 mM e-amino-n-caproic
acid, 0.1% v/v Triton X-100, and 10% v/v glycerol). The samples
were centrifuged at 14 000 rpm for 20 min at 4 �C. The extract was
passed through a desalting column (DG 10: Bio-Rad) that was pre-
equilibrated with ice-cold extraction buffer without Triton X-100
and PVPP. Extracts were collected into prechilled vials and used
immediately. UGPase activity was determined spectrophotometri-
cally at 340 nm as per Appeldoorn et al. (1997) using 100 ll of

plant extract and a molar extinction coefficient of 6.22 mM cm�1.
Total protein content of the extracts was determined using a Bio-
Rad Protein Assay (Bio-Rad, Hercules, CA).

Soluble carbohydrate and starch analysis

Soluble carbohydrates (glucose, fructose, and sucrose) were
extracted overnight at –20 �C from ground freeze-dried plant
material using methanol:chloroform:water (12:5:3 by vol.). The
samples were centrifuged, the supernatants removed, and the remain-
ing pellet washed twice with fresh methanol:chloroform:water
(12:5:3 by vol.) and all fractions pooled. Five ml of water was
added to the combined pooled supernatant and centrifuged to
facilitate phase separation. The aqueous fraction was removed to
a round-bottom flask and rotary evaporated to dryness. The samples
were resuspended in 3 ml of distilled water and analysed using
anion exchange HPLC (Dionex, Sunnyvale, CA) on a DX-600
equipped with a Carbopac PA1 column and an electrochemical
detector, as per Coleman et al. (2006).

The residual pellets were hydrolysed using 4% sulphuric acid at
121 �C for 4 min. The liberation of glucose represented starch
content, and was directly quantified by HPLC using similar
conditions.

Cell wall compositional analysis

Greenhouse-grown plant stem material was ground using a Wiley
mill to pass through a 40-mesh screen, and then Soxhlet extracted
with acetone for 24 h. The extractive free material was used for all
further analyses. Lignin content was determined using a modified
Klason, where extracted ground stem tissue (0.2 g) was treated with
3 ml of 72% H2SO4 as per Coleman et al. (2006). Carbohydrate
concentrations in the hydrolysate were determined using high-
performance liquid chromatography (HPLC) (Dionex DX-500,
Dionex, CA) equipped with an ion exchange PA1 (Dionex) column,
a pulsed amperometric detector with a gold electrode, and a Spectra
AS 3500 auto-injector (Spectra-Physics, Los Angeles, CA). 20 ll of
hydrolysate was loaded on the column equilibrated with 250 mM
NaOH and eluted with deionized water at a flow rate of 1.0 ml
min�1, followed by a post column addition of 200 mM NaOH at
a flow rate of 0.5 ml min�1. Each experiment was run in duplicate.

Determination of a-cellulose content

a-cellulose was determined from the extract-free wood using
a modified microanalytical method developed by Yokoyama et al.
(2002). In short, 200 mg of ground extract-free wood was weighed
into a 25 ml round bottom flask and placed in a 90 �C oil bath. The
reaction was initiated by the addition of 1 ml of sodium chlorite
solution (400 mg 80% sodium chlorite, 4 ml distilled water, 0.4 ml
acetic acid). An additional 1 ml of sodium chlorite solution was
added every half hour and the samples removed to a cold waterbath
after 2 h. Samples were then filtered through a coarse crucible, dried
overnight, and holocellulose composition determined gravimetri-
cally. Fifty mg of this dried holocellulose sample was weighed into
a reaction flask and allowed to equilibrate for 30 min. Four ml of
17.5% sodium hydroxide was added and allowed to react for 30
min, after which 4 ml of distilled water was added. The sample was
macerated for 1 min, allowed to react for an additional 29 min and
then filtered through a coarse filter. Following a 5 min soak in 1.0
M acetic acid, the sample was washed with 90 ml of distilled water
and dried overnight. The a-cellulose content was then determined
gravimetrically.

Monolignol analysis

Thioacidolysis (Rolando et al., 1992) was used to determine the
lignin monomer ratios (syringyl:guaiacyl; S:G), using 10 mg of
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oven-dried extractive-free wood and tetracosane as an internal
standard (2 ml of 25 mg ml�1 in dichloromethane). The silylation
reaction proceeded for a minimum of 2 h, and gas chromatography
was carried out on a ThermoFinnigan Trace GC-PolarisQ ion trap
system with an AS2000 autosampler and a split/splitless injector.
The GC was equipped with a 30 m, 0.25 mm internal diameter
J&W DB-5 column. The GC conditions were as follows: initial
injector temperature of 250 �C, detector temperature of 270 �C, and
initial oven temperature of 130 �C. Following a 2 ll injection, the
oven remained at 130 �C for 3 min and then ramped at a rate of 3
�C min�1 to 260 �C and held for 5 min.

Soluble metabolite analysis

Liquid nitrogen-frozen developing xylem tissue was ground using
a dental amalgam mixer, and extracted using a two-phase
methanol:chloroform extraction as per Robinson et al. (2005). In
short, 600 ll of methanol was added to 20 mg of frozen tissue to
stop biological activity. The samples were vortexed and 40 ll of
water, 10 ll of internal standard (10 mg ml�1 ribitol in water) and
10 ll of lipophilic internal standard (10 mg ml�1 nonadecanoic acid
methyl ester in methanol) were added. The samples were then
incubated for 15 min at 70 �C with constant agitation, and then
centrifuged for 5 min at 13 000 rpm. The supernatants were removed,
and 800 ll of methanol was added to the pellets, which was vortexed
to resuspend the pellets, and then incubated at 35 �C for 5 min with
constant agitation. The samples were centrifuged for 5 min at 13
000 rpm and then the supernatants were removed and combined
with the previous methanol supernatant. 600 ll of water was added
to the pooled methanol extracts, vortexed and centrifuged at 4000
rpm for 15 min. A 900 ll sample was removed from the upper
potion (water/methanol) and dried at 40 �C using a Speedvac.
The pellet was resuspended in 50 ll of methoxyamine hydro-

chloride solution (20 mg ml�1 in chloroform) and incubated for 2 h
at 60 �C with constant agitation. Following the addition of 200 ll of
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), the samples
were incubated at 60 �C for 30 min with constant agitation. Samples
were left at room temperature overnight to allow the reaction to
progress to completion, and then filtered through tissue paper to
remove particulates. GC/MS analysis was carried out using a 30 m,
0.25 mm internal diameter Restek Rtx-5MS column using the
following conditions: inlet temperature 250 �C, injector split ratio
10:1, resting oven temperature 70 �C, and GC–MS transfer line
temperature of 300 �C. Following a 1 ll injection, the oven
remained at 70 �C for 2 min and then ramped at a rate of 8 �C
min�1 to 325 �C and held for 6 min.

Results

Transformed hybrid poplar trees regenerated from the
UGPase-Agrobacterium-treated leaf explants were propa-
gated from single shoots from individual unique explants,
and represented independent transformed lines which were
confirmed by PCR screening of genomic DNA to amplify
a diagnostic fragment specific to the UGPase gene. From
the independent transgenic lines, six 2335S::UGPase
transformants (based on high real-time qPCR expression
levels) and corresponding control (wild-type) shoots were
propagated in vitro as shoot cultures, and a minimum of
12 individual trees of each line were transferred into the
greenhouse and grown for four months under 16 h days
supplemented with overhead lighting with a radiant flux

density of 300 W m�2. At harvest, all of the transgenic
lines showed substantially altered growth characteristics,
demonstrating significantly impaired height and diameter
growth (Fig. 1A, B). Furthermore, the trees displayed
significantly reduced internodal length (Fig. 1D), as well
as decreased stem dry weight (data not shown).
Morphologically, the 2335S::UGPase transgenic lines

also displayed a greater abundance of significantly smaller
leaves per stem, and consistently had elongated axial
shoots at each leaf node (Fig. 2). A quantitative evaluation
of leaf characteristics confirmed that the 2335S::UGPase
leaves were 75% smaller, had reduced total leaf area per
stem and reduced total leaf dry weight (Fig. 1C). In
addition, the trichomes appeared to be more highly
concentrated in the 2335S::UGPase leaves when com-
pared with the wild-type poplar (data not shown).

Transcription levels

Real-time quantitative PCR was used to evaluate tran-
script abundance of the exogenous UGPase gene in the
transgenic lines (Table 1). All the 2335S::UGPase trans-
genic lines had significantly higher transcript levels in the
leaf material compared with the stem (developing xylem).
Transcript abundance ranged from 68–172 copies lg�1

total RNA in leaf tissue and 2.1–27.9 copies lg�1 total
RNA in the developing xylem, among the transgenic
poplar trees. The expression of the two native poplar
UGPase genes was also shown to be affected in most lines
(see Supplementary Table 1 at JXB online), with smaller
increases in PtUGP1 when compared with the observed
increases in PtUGP2.
Transcript abundance of genes involved directly in

cellulose and lignin biosynthesis in the developing xylem
were also compared using real-time quantitative PCR.
PAL, 4CL, CST, CQT, and COMT showed no change in
the transgenic lines relative to wild-type levels, while all
other genes in the lignin biosynthetic pathway were up-
regulated (Fig. 3). SAD, CAD, C3H, and F5H were
increased between 2–3-fold relative to wild-type levels,
and C4H was increased to 4-fold the wild-type level. CCR
and CCoAMT showed the highest relative increases at
over six times the abundance seen in wild-type trees (see
Supplementary Table 2 at JXB online). Similarly, the
CesA gene family was also shown to be up-regulated
approximately 4-fold over the corresponding wild-type
CesA transcript levels, while SuSy expression levels
remained comparable with the wild-type trees.

Enzyme activity

UGPase activity was determined using an indirect assay
measuring the production of the reduced form of nicotina-
mideadenine dinucleotide (NADH). All of the
2335S::UGPase transgenic trees showed consistent
increases in UGPase activity in the leaf tissue compared
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to the wild-type trees (Table 1). However, by contrast,
only one line (2335S::UGPase line C) demonstrated
a statistically significant increase in enzyme activity in
the developing xylem, despite the slight general upward
trend in activity in the other transgenic lines.

Soluble carbohydrates

In general, all transgenic lines showed elevated levels of
total soluble sugars in the leaf tissue, which was a result
of a commensurate increase in all three soluble sugars
quantified; sucrose, fructose, and glucose (Table 2). The
total soluble carbohydrate concentrations, as well as
concentrations of each individual sugar, were significantly
increased in the leaves of five out of the six 2335S::
UGPase transgenic lines evaluated relative to the controls.
The exception was Line F, which despite having higher
glucose and fructose levels did not have statistically
significant higher levels of sucrose, and thus total
carbohydrates. By contrast, significant increases in total
soluble carbohydrates, as well as significant increases in
glucose and sucrose, were only found in two 2335S::
UGPase lines (B, C) in the developing xylem.

Starch content

Three of the six 2335S::UGPase transgenic lines (A, B,
F) had significant increases in starch content in the leaves
compared with starch levels in control leaves (Table 3).

As well, five of the six 2335S::UGPase transgenic lines
(A, B, C, D, F) had significantly elevated starch in the
developing xylem relative to control trees, with two lines
(C, F) displaying three times the concentration of wild-
type trees. And, although not statistically significant the
sixth transgenic line (line E) did have higher levels of
starch accumulation in the developing xylem, similar to
the other transgenics.

Cell wall chemistry

The total cell wall carbohydrate content, as a measure of
percent total dry weight, of the 2335S::UGPase lines
increased dramatically compared with the wild-type trees,
where all six lines showed statistically significant changes
in polymeric cell wall moieties. Wild-type hybrid poplar
trees were shown to be composed of ;64.4% total
carbohydrates, while the 2335S::UGPase transgenic trees
ranged from 69.2% to 73.1%. Although all cell wall
carbohydrates (arabinose, galactose, glucose, xylose,
mannose, and rhamnose) were shown to be elevated in
the 2335S::UGPase transgenic lines, the most significant
changes were observed in glucose content (Table 4). The
observed increases in glucose content were reflective of
the overall increase in cellulose composition in all trans-
genic lines compared with the corresponding wild-type
trees (Fig. 4), as determined by a-cellulose quantification.
The total cell wall lignin content of the 2335S::UGPase

transgenic lines was concurrently shown to be

Fig. 1. Plant height (A), diameter (B), leaf area (C), and internode length (D); for transgenic and wild-type trees. Mean (6SE) were calculated from
10 plants per line. All transgenic lines are statistically significant different from the control trees at a¼0.05.
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significantly decreased. As measured by percentage
weight of total dry mass, the total lignin was reduced
from 23.7% of the dry weight in wild-type trees to a range
of 18.7–20.1% in the 2335S::UGPase transgenic lines.
This represents a decrease of 12–21% across the lines.
Furthermore, the drop in total lignin content appears to be
directly related to a reduction in the acid-insoluble lignin
moieties (Table 4).
Significant increases in the syringyl:guaicyl (S:G) ratio in

the lignin was also observed in the stems of these
2335S::UGPase transgenic lines (Table 5), with the % mol
S concentration increasing from an average of 69.2% in
wild-type poplar, to between 76.6–78.2% in the six
2335S::UGPase lines with decreased lignin content. The
increase in syringyl-based lignin monomers is proportion-
ately related to a decrease in the guaiacyl monomers.
Although significant, the change in the S:G ratio had a minor
effect on the level of the p-hydroxyphenyl monomer (H-
lignin) composition. However, H-lignin is only minor
component in poplar trees relative to total lignin content.

Soluble metabolite analysis

Total soluble metabolites, extracted independently from
leaf tissue and developing xylem, were evaluated by

metabolite profiling with GC/MS analysis. Table 6 lists
18 (of ;280 compounds investigated) whose levels are
changed 2-fold or greater in 2335S::UGPase trees
compared with the wild type. In general, many of the
identified compounds are associated with plant/tree de-
fence or stress, including myo-inositol, galactinol, galac-
titol, and pinitol. In addition, compounds related to carbon
allocation, such as maltose and other carbohydrates were
identified. However, a single compound was shown to
dominate the pooling metabolites in the 2335S::UGPase
transgenic lines; salicylic acid 2-O-b-D-glucoside was
dramatically increased in all transgenic lines with
increases relative to wild-type poplar ranging from 175–
270-fold (Table 6; see Supplementary Table 3 at JXB
online).

Discussion

This study investigated the effects of over-expressing the
Acetobacter xylinum UGPase gene in hybrid poplar under
the control of a constitutive (2335S) promoter on tree
growth and cell wall biochemistry. Transcript quantifica-
tion revealed a much higher level of transcript abundance
in the leaves of the 2335S::UGPase lines relative to the
stem (developing xylem). Consistent with the observed
elevated levels of transcription, the total UGPase enzyme
activity followed a similar pattern in the leaves. The effect
of the introduction of the exogenous UGPase transgene
from Acetobacter xylinum on the transcript levels of the
two native poplar UGPase genes was also examined, and
an increase in both PtUGP1 and PtUGP2 was shown, in
both leaf and developing xylem (see Supplementary Table
1 at JXB online). However, it was apparent that altered
levels of expression of the two genes responded differ-
ently, with increases ranging from ;2–4-fold in de-
veloping xylem while a maximum 2-fold change was
apparent in the leaf tissue. Meng et al. (2007), however,
have shown tight post-transcriptional/ translational control
for these two genes, and therefore, increases in transcript
abundance, while expected with an increase in sucrose
content, may not necessarily correlate to an increase in
protein/enzyme activity.
The 2335S::UGPase transgenic lines were shown to be

substantially smaller than wild-type trees, with decreased
height growth, diameter, and stem dry weight (biomass).
Morphologically, the 2335S::UGPase trees, despite hav-
ing a significantly greater number of leaves, had a reduced
total leaf area and biomass compared with the correspond-
ing wild-type trees. These same lines exhibited elongation
of the axial shoots, which is consistent with weakening or
loss of apical dominance resulting in changes in the auxin/
cytokinin ratios. For example, in pea plants it has been
shown that the removal of the apex resulted in the
elongation of lateral shoots, with the exogenous

Fig. 2. Image depicts axial shoot elongation and leaf size in
a representative 2335S::UGPase (right) and wild-type (left) poplar
(inset is a close up of elongated axial shoots of transgenic poplar).
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application of NAA resulting in the retention of unaltered
phenotype (Li et al., 1995). The same result was seen
when the apex was removed from chick pea plants, or
when exogenous cytokinins were applied (Turnbull et al.,
2004).
To date, most of the work elucidating the function of

UGPase is mixed and inconclusive, and has evolved from
a limited number of studies down-regulating UGPase
activity. For example, reductions from 30% to 96% in
UGPase activity by antisense suppression showed no
change in plant biomass in either Arabidopsis or potato,
respectively (Johansson, 2003; Zrenner et al., 1993). In

the case of Arabidopsis, Johansson (2003) speculated that
the 30% reduction in Arabidopsis UGPase expression did
not confer a phenotype as multiple UGPase isoforms exist
permitting a compensatory control of pathway regulation
(Johansson, 2003). These studies imply that UGPase
activity is abundant in the plant, and mis-regulation will
likely have little or no effect on plant phenotype.
Contrary to this, the over-expression of transgenic

UGPase in tobacco resulted in significantly improved
growth rates, both under ubiquitous and tissue-specific
promoters (Coleman et al., 2006). The improved growth
characteristics were attributed to the potential role of

Table 1. Transcript level and enzyme activity in leaf tissue and developing xylem for transgenic and wild-type trees

Mean (6SE) were calculated from three plants per line. Bold denotes significant difference from control values at a¼0.10.

Transgenic line UGPase transcript level (copy number lg�1 total
RNA)

UGPase enzyme activity (lmol NADH min�1

mg�1 total protein)

Leaf Developing xylem Leaf Developing xylem

Control 0.1860.05 0.7160.05
2335S::UGPase A 99.47614.94 13.13612.10 0.5060.10 0.7560.01
2335S::UGPase B 172.99615.17 20.79611.65 0.3460.05 0.8060.05
2335S::UGPase C 89.81644.64 2.0761.23 0.5460.12 1.6960.40
2335S::UGPase D 89.61648.89 19.24617.07 0.4760.02 0.6860.06
2335S::UGPase E 67.51625.22 12.66611.13 0.3960.08 0.8660.18
2335S::UGPase F 76.60642.27 27.92625.99 0.8460.16 0.8260.05

Fig. 3. Schematic representation of the effect of over-expression of 2335S::UGPase on the transcript abundance of the lignin and cellulose
biosynthetic genes in the developing xylem. All mRNA levels were calculated by qPCR from threshold cycle values and are relative to controls and
normalized with respect to b-actin transcript abundance.
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UGPase in altering sink strength as it participates in the
catabolism of sucrose into hexose phosphates. Although
similar results were not observed in the current study
investigating hybrid poplar, the differences may be attrib-
uted to the innate differences in mechanisms of carbon
translocation, with tobacco employing an active mecha-
nism (Burkle et al., 1998) and poplar using a passive
system moving assimilate along a sucrose concentration
gradient (Turgeon and Medville, 1998). UGPase in source
tissues tends to act in the formation of sucrose, providing
the substrate-to-sucrose transporters for active loading
from the leaves (Kleczkowski, 1994). In poplar, photo-
assimulate accumulating in sink cells must be lower than
the solute concentration in source cells, and this occurs
primarily by temporary storage in starch, or permanent
storage in structural carbohydrates such as cellulose.
UGPase in sink tissue tends to function in the breakdown
of sucrose, while in source cells it is thought to act in the
synthesis of sucrose (Kleczkowski et al., 2004), thus
creating the concentration gradient necessary for the passive
flow of carbon skeletons required for active metabolism.

Altered UGPase activity in other plant species has also
been shown to manifest changes in carbohydrate bio-
chemistry, however, these changes are inconsistent and
conflicting. In potato, Zrenner et al. (1993) showed no
change in carbohydrate metabolism with a 96% reduction
in UGPase enzyme activity, while other studies with less
extreme reductions in UGPase activity showed significant
decreases in stored tuber carbohydrate concentrations
(Spychalla et al., 1994; Borokov et al., 1996). Similarly,
a 30% reduction in UGPase activity resulted in a decrease
in soluble sugar and starch content in Arabidopsis
(Kleczkowski et al., 2004). Consistent with these findings,
tobacco plants over-expressing UGPase showed increases
in stem glucose and fructose levels compared with non-
transgenic control plants (Coleman et al., 2006). In the
current study, significant increases in all soluble carbohy-
drates were observed in the leaf tissue of 2335S::UGPase
hybrid poplar. In the developing xylem, the 2335S::
UGPase transgenic lines showed significant, yet smaller,
increases primarily in glucose and sucrose only.
These findings support the theory that UGPase activity

can contribute to photoassimilate generation in source
tissue and, in the case of symplastic loading plants like
hybrid poplar, that this elevated activity in sink tissue can
augment carbon allocation. In all of the 2335S::UGPase
transgenic lines, there was a significant increase in
transcript abundance enzyme activity, and, total soluble
carbohydrates. In addition, many of the transgenic lines
showed increased levels of starch accumulation pointing
to the accumulation of storage carbohydrates resulting
from the pooling of available soluble sugars. It appears
that the expression of the exogenous UGPase in the leaf
tissue is resulting in the biosynthesis of carbohydrates
in source tissue and is probably working co-ordinately
with SPS in the synthesis of sucrose, as has been proposed

Table 3. Starch content (mg g�1) in leaves and developing
xylem of transgenic and wild-type trees

Mean (6SE) were calculated from three plants per line. Bold denotes
significant difference from control values at a¼0.05. Tissue (collected
between plastichron index 3–5) was collected from greenhouse plants
between 10:00 h and 12:00 h.

Leaf Developing xylem

Control 2.660.1 8.360.7
2335S::UGPase A 4.360.5 18.364.2
2335S::UGPase B 4.260.3 16.064.0
2335S::UGPase C 1.360.0 27.666.3
2335S::UGPase D 2.960.4 11.260.6
2335S::UGPase E 2.460.0 14.066.4
2335S::UGPase F 3.760.1 31.267.9

Table 2. Total soluble carbohydrates (mg g�1) in leaves and developing xylem of transgenic and wild-type trees

Mean (6SE) were calculated from three plants per line. Bold denotes significant difference from control values at a¼0.10. Tissue (collected between
plastichron index 3–5) was collected from greenhouse plants between 10.00 h and 12.00 h.

Leaf Glucose Fructose Sucrose Total

Control 7.4962.07 2.6160.58 49.9063.19 60.0062.57
2335S:UGPase A 18.7961.10 6.0060.75 68.9664.25 93.7565.60
2335S:UGPase B 14.5766.29 4.9361.22 61.9363.95 81.4268.22
2335S:UGPase C 17.5463.76 5.9061.61 66.3364.76 89.7766.79
2335S:UGPase D 13.6063.11 6.5961.68 65.6066.63 85.79611.08
2335S:UGPase E 24.3563.35 6.0661.83 64.4563.74 94.8662.56
2335S:UGPase F 19.7164.45 6.8960.56 51.3064.67 77.9169.12

Developing xylem Glucose Fructose Sucrose Total

Control 3.6160.87 0.0060.00 23.7165.47 27.3166.12
2335S:UGPase A 8.6563.12 8.6563.12 35.0567.90 43.71610.64
2335S:UGPase B 5.8260.97 0.0060.00 43.3361.93 49.1561.05
2335S:UGPase C 13.1964.76 0.0060.00 61.9564.51 75.14 69.15
2335S:UGPase D 3.3760.51 0.0060.00 27.8366.70 31.2066.55
2335S:UGPase E 4.3861.41 0.0060.00 40.52610.72 50.06615.77
2335S:UGPase F 3.3860.53 0.0060.00 35.0666.36 38.4466.71
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by Kleczkowski (1994). Interestingly, the introduction of
the exogenous UDP-glucose pyrophosphorylase from
Acetobacter appears to have manifested an increase in
transcript abundance of both endogenous poplar UGPase
genes, and therefore it is difficult to ascertain if the
observed effects are independent of the native gene/
protein.

Despite not having measured metabolic flux, it appears
that the increased biosynthesis of sucrose in the source
tissue has resulted in an increase in the transport of
photoassimilate to the sink tissue, as in all transgenic lines
an accumulation of both storage and structural carbohy-
drates was apparent. Although changes in hemicellulose-
derived carbohydrates were observed, the most dramatic
increase in cell wall carbohydrate chemistry was ob-
served in glucose concentrations, which is derived from
cellulose. In these lines, increases in cellulose content
ranged from ;2.8% to 6.5% (Fig. 4). These findings are
consistent with the theory that an increase in cellulose
content would coincide with an increased supply of
precursor to the cellulose synthase complex (CSC) from
elevated levels of soluble metabolites synthesized and
probably transported to the sink (wall developing tissue).
Furthermore, this is supported by the 4-fold increase in the
secondary wall-specific CSC gene expression levels in the
transgenic lines. Confirmation of this theory and our
results are also consistent with the microarray findings of
Hertzberg et al. (2001) who showed that UGPase is up-
regulated during the period of late expansion and secondary
cell wall formation. Similar changes in structural carbohy-
drates were not observed in tobacco plants transformed
with the same constructs (Coleman et al., 2006), which can
be attributed to a lack of any measurable change in stem
sucrose content compared with the stem of the poplar.
In addition to the observed increases in carbohydrate

composition in the 2335S::UGPase transgenic trees, there
was also an associated decrease in lignin content. This is
not thought to be the result of a decrease in the rate of
lignin deposition, but rather the result of a change in the
ratio of cellulose to lignin. This was confirmed using real-
time PCR analysis of the lignin-branch of the phenyl-
propanoid biosynthetic genes toolbox, which showed that
there was no decrease in the transcripts of any of the key
lignin biosynthetic gene isoforms surveyed, rather in
many of the genes there was an increase (Fig. 3; see
Supplementary Table 2 at JXB online).
Correlated to the change in the relative amount of

lignin, was a change in lignin monomer composition in

Table 4. Chemical composition of stem material of transgenic and wild-type trees

Mean (6SE) were calculated from three plants per line. Bold denotes significant difference from control values at a¼0.10.

% Carbohydrates % Lignin

Arabinose Galactose Glucose Xylose Mannose Rhamnose Acid soluble Acid insoluble

Control 0.460.0 1.060.1 43.260.2 17.760.7 1.560.1 0.660.1 3.060.0 20.760.1
2335S::UGPase A 0.660.0 1.460.1 49.061.4 18.860.7 2.060.1 0.660.0 3.360.1 15.460.5
2335S::UGPase B 0.560.0 1.760.2 50.660.9 18.060.3 1.860.1 0.560.0 3.460.1 15.960.5
2335S::UGPase C 0.660.0 1.360.3 47.762.9 18.961.2 1.860.1 0.660.0 3.560.2 16.460.9
2335S::UGPase D 0.660.0 1.360.2 46.662.1 19.660.9 1.860.2 0.760.0 3.460.1 17.560.7
2335S::UGPase E 0.560.0 1.160.1 46.360.8 18.860.6 1.960.2 0.660.0 3.260.1 17.660.3
2335S::UGPase F 0.560.0 1.260.1 48.860.7 17.460.4 1.860.1 0.560.1 3.260.1 16.960.7

Fig. 4. a-cellulose content of stem material from transgenic and wild-
type trees. Mean (6SE) were calculated from three plants per line.
Symbol denotes significant difference from control values at a¼0.10.

Table 5. Syringyl, guaiacyl and p-hydroxyphenyl monomer
contents (moles) of transgenic and wild-type trees as determined
by thioacidolysis

Mean (6SE) were calculated from three plants per line. Bold denotes
significant difference from control values at a¼0.05.

p-Hydroxyphenyl Guaiacyl Syringyl

Mean Mean Mean

Control 0.0260.01 30.7860.25 69.2060.26
2335S:UGPase A 0.0660.02 21.6861.25 78.2661.27
2335S:UGPase B 0.0560.01 21.8760.65 78.0860.66
2335S:UGPase C 0.0760.02 23.2060.23 76.7360.20
2335S:UGPase D 0.0860.00 23.2960.39 76.6360.39
2335S:UGPase E 0.1160.00 22.6361.08 77.2661.08
2335S:UGPase F 0.1160.01 23.2861.08 76.6161.07
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favour of syringyl units. These biochemical findings were
supported by real-time PCR evaluations, which demon-
strated significant augmentation of ferulate 5-hydroxylase
(F5H) consistent with the change in monomer composi-
tion of the cell wall lignin. These findings suggest that the
elevated transcript abundance of lignin biosynthetic genes
may be related to changes in sugar concentrations rather
than a change in cellulose deposition. Sucrose has been
shown to serve as a signal molecule regulating gene
expression (Wiese et al., 2004), and consequently influen-
ces associated metabolic pathways and morphological
development (Lunn and McRae, 2003; Gibson, 2005). A
compelling body of evidence indicates that carbohydrates,
particularly the hexose glucose, are essential sources of
carbon skeletons and function as important signalling
molecules (reviewed in Smeekens, 2000; Rolland et al.,
2002; Gibson, 2005).
In Arabidopsis, a relationship between carbon availabil-

ity and lignin accumulation has been established (Rogers
et al., 2005), clearly demonstrating that metabolizable
carbohydrates positively influence the abundance of
lignin. Further, concurrent transcriptome analysis lends
support to the hypothesis that carbohydrates are not
merely a source of carbon skeletons for lignification, but
also function as a signal to enhance the capacity to
synthesize these key cell wall macromolecules. In addi-
tion, diurnal fluxes in lignin biosynthetic capacity were
suggested to be modulated at the transcriptional level by
at least three different stimuli: light, the circadian clock,
and available hexose carbohydrates. The absolute abun-
dance of these transcripts is shaped by the amount of
available carbohydrates. The link between sugar signalling

and lignification is particularly interesting, as carbohydrate-
mediated changes in vegetative development have been
well documented in dark-grown seedlings (Roldan et al.,
1999; Baier et al., 2004).
Metabolic profiling was used to investigate changes in

‘global’ cell wall metabolism as a result of this single
gene mis-regulation. In addition to the altered levels of
soluble carbohydrates identified by HPLC, the
2335S::UGPase transgenic poplar trees differentially
accumulated several metabolites, many of which have
been identified as products of sugar metabolism, such as
galactose, maltose, and sorbose, or as metabolites com-
monly associated with abiotic or biotic stress (Table 5).
Aside from being an integral component of cell wall
hemicellulose, the monosaccharide galactose is also
known to be a major carbohydrate participating in the
formation of the raffinose family of oligosaccharides
known to be elevated in response to stress, particularly in
Populus. Maltose, on the other hand, is the immediate by-
product of starch degradation, while sorbose is a precursor
ketose monosaccharide involved in the biosynthesis of
ascorbic acid, which has been shown to influence leaf
development, growth, and size (Chen and Gallie, 2006),
and may be responsible directly or indirectly for the
alteration of leaf morphology in the current study. In
addition, other stress-related compounds were identified
including myo-inositol, galactinol, and pinitol. Myo-
inositol and galactinol are the immediate precursors to the
formation of raffinose family of oligosaccharides, while
pinitol is a methylated cyclitol, derived from myo-inositol,
thought to be an important osmolyte in plants responding
to drought stress.
Most interesting was the extremely high quantities of

a single compound, the glycoside of salicylic acid
(salicylic acid 2-O-b-D-glucoside [SAG]), which was
found at significantly elevated levels (up to a 270-fold
increase compared with the wild-type trees) in the
developing xylem of all 2335S::UGPase transgenics trees
(Table 6; see Supplementary Table 3 at JXB online).
Salicylic acid 2-O-b-D-glucoside was also identified in the
leaf tissue of all transgenic lines, where it was absent in
the wild-type trees. The formation of SAG is has been
shown in tobacco to be catalysed by a UDP-glucose:SA
glucosyltransferase, which employs UDP-glucose as the
sole glucose donor (Lee and Raskin, 1999). Furthermore,
SAG has been shown to be induced by the presence of
salicylic acid, which has been shown to accumulate in
tobacco leaves following TMV infections, resulting in an
accumulation of SAG as a major product and glucosyl
salicylate (GS) as a minor, less stable metabolite (Lee and
Raskin, 1998). These results suggest that the accelerated
generation of UDP-glucose, manifested by the over-
expression of 2335S::UGPase in hybrid poplar, resulted
in the substantial accumulation of SAG. It is tempting to
speculate that the allocation of UDP-glucose to salicylic

Table 6. Metabolites identified in the developing xylem of
2335S::UGPase hybrid poplar relative to levels in wild-type
trees

Fold change relative to
wild-type poplar

Compound

232.6 Salicylic acid 2-O-b-D-
glucoside

11.4 Maltose
5.8 Unknown
5.3 Myo-Inositol
5.1 Maltotriose

methoxyamine
4.4 Galactinol
4.1 D-pinitol
3.0 Unknown
2.7 Galactitol
2.5 Unknown
2.5 Glucose
2.5 Galactose
2.3 Sucrose
2.2 Unknown
2.2 Sorbose
2.1 4-amino butyric acid
2.0 Fructose
2.0 Picein
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acid may be a direct response of the inability of the
cellulose synthase complex effectively to utilize the
intracellular UDP-glucose channelled to the formation of
cellulose, which was increased by ;6%. However, the
accumulation of SAG, among other compounds, has also
recently been observed in transgenic aspen over-expressing
sucrose phosphate synthase (Hjältén et al., 2006), which
should have provided another sink for UDP-glucose.
Salicylic acid has been shown to act as a signalling
molecule in local defence reactions and also in the
induction of systemic resistance (Durner et al., 1997), and
as such the increases in salicylic acid, and hence SAG
and/or GS, may be the catalyst for the increases in other
plant defence metabolites and may improve herbivore-
plant interactions, as shown by Hjältén et al. (2006).
In summary, the over-expression of UGPase in hybrid

poplar resulted in significant increases in soluble sugars,
more so in the leaves than the developing xylem. These
increases in sugar appear to provide increased substrate to
both cellulose and starch synthesis, resulting in changes in
the chemical composition of the stem, with as much as
a 6.6% increase in cell wall cellulose content being
observed. Contrary to the results observed in tobacco, in
hybrid poplar results suggest that the over-expression of
UGPase under the control of a ubiquitous promoter can
alter carbon partitioning to starch and cellulose. However,
the alterations in sucrose metabolism, specifically in the
symplastically loading plant Populus, appears to cause
other downstream repercussions within the plant, particu-
larly with respect to carbohydrate signalling and sensing,
which can augment cell wall biosynthesis, as is evident in
the altered lignin biosynthesis. In addition to changes in
wood chemistry, the trees also produced more defence-
related metabolites, which may explain the decreased
energy directed to growth.

Supplementary data

The data reported in this manuscript are supported by
supplementary data which are available at JXB online.
Included in the supplemental data is transcript abundance of
the native poplar UDP-glucose pyrophosphorylase genes in
leaf and developing xylem tissue (Supplementary Table 1),
as well as transcript abundance of the cell wall biosynthetic
genes involved in lignin and cellulose deposition for
transgenic and wild-type trees (Supplementary Table 2). In
addition, quantification of the fold change in salicylic acid
2-O-b-D-glucoside in the developing xylem of all trans-
genic 2335S::UGPase hybrid poplar relative to levels in
wild-type trees is available (Supplementary Table 3).
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