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Wood cells, unlike most other cells in plants, grow by a unique combination of intrusive and symplastic growth. Fibers grow in
diameter by diffuse symplastic growth, but they elongate solely by intrusive apical growth penetrating the pectin-rich middle
lamella that cements neighboring cells together. In contrast, vessel elements grow in diameter by a combination of intrusive
and symplastic growth. We demonstrate that an abundant pectin methyl esterase (PME; EC 3.1.1.11) from wood-forming
tissues of hybrid aspen (Populus tremula 3 tremuloides) acts as a negative regulator of both symplastic and intrusive growth of
developing wood cells. When PttPME1 expression was up- and down-regulated in transgenic aspen trees, the PME activity in
wood-forming tissues was correspondingly altered. PME removes methyl ester groups from homogalacturonan (HG) and
transgenic trees had modified HG methylesterification patterns, as demonstrated by two-dimensional nuclear magnetic
resonance and immunostaining using PAM1 and LM7 antibodies. In situ distributions of PAM1 and LM7 epitopes revealed
changes in pectin methylesterification in transgenic trees that were specifically localized in expanding wood cells. The results
show that en block deesterification of HG by PttPME1 inhibits both symplastic growth and intrusive growth. PttPME1 is
therefore involved in mechanisms determining fiber width and length in the wood of aspen trees.

When plant cells grow, they typically do so together
(i.e. symplastically, attached by a common middle
lamella; Evert, 2006). However, a few specialized cell
types in primary plant tissues grow intrusively (i.e.
between neighboring cells; Lev-Yadun, 2001). Although
intrusive apical growth is a rare phenomenon, it is of
great significance because it is the major determinant of
phloem and xylem fiber length in angiosperm species
(Larson, 1994; Lev-Yadun, 2001). Thus, it influences a
major quality trait of commercial plant fiber raw mate-
rials, such as sisal, abaca, jute, flax, ramie, hemp, kenaf,
and, perhaps most importantly, wood.

Most current research on cell growth is focused on
cell wall plasticity and symplastic growth (for review,
see Cosgrove, 2005). However, another important as-
pect, especially for intrusive growth, is cellular adhe-
sion. Pectin is a major component of primary walls and
likely to be important for both wall plasticity and
cellular adhesion. A pectinaceous sheet, called the mid-
dle lamella, provides a contact interface between neigh-
boring cells and the adhesion between cells depends on
the formation of pectin intermolecular links between
pectin molecules (Jarvis et al., 2003). Similarly, intra-
molecular links and composition of pectin influence
wall plasticity (Ezaki et al., 2005; Proseus and Boyer,
2006; Derbyshire et al., 2007). One type of intermolec-
ular link is created when calcium ions interact with the
acidic form of homogalacturonan (HG) molecules (i.e.
deesterified GalA units) to form rigid egg-box struc-
tures (Carpita and McCann, 2000). Formation of egg-
box structures depends on the presence of a minimum
of 20 deesterified GalA units along the HG chain, which
can bind Ca21 ions (Jarvis, 1984). HG is known to be
synthesized and secreted in a highly methylesterified
form (Zhang and Staehelin, 1992) and to be deesterified
by pectin methyl esterases (PMEs) residing in the walls,
resulting in the formation of free carboxylic residues
(for review, see Pelloux et al., 2007). Both contiguous
and random patterns of deesterification have been
suggested as a result of PME action, the former leading
to the formation of egg-box structures and wall stiffen-
ing and the latter inducing cell wall acidification and
wall weakening (Micheli, 2001).
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Experimental data on the action of PMEs in planta
are limited and many aspects of their functions and
regulation remain to be elucidated. For instance, some
studies in which PME expression has been modified
indicate that it plays a role in wall stiffening and
inhibition of wall plasticity (Wen et al., 1999; Hasunuma
et al., 2004; Bosch et al., 2005), but others have found no
evidence that it is involved in the regulation of sym-
plastic growth and cell expansion (Tieman et al., 1992;
Pilling et al., 2000, 2004). In addition, a pollen-specific
PME (VANGUARD1) has been shown to be required
for growth of the pollen tube (Jiang et al., 2005), and
QUARTET1 (a PME) promotes wall loosening by mak-
ing the pectin susceptible to degradation (Francis et al.,
2006). It is not known whether these different results
reflect different properties of particular PMEs or just
underscore the complexity of the regulation of pectin
methylesterification in plants. In spite of well-known
implications of pectins in cell adhesion in plants
(Jarvis et al., 2003; Francis et al., 2006), the role of the
pectin network in intrusive growth is unclear and the
mechanisms controlling intrusive growth are com-
pletely unexplored.

In wood-forming tissues of angiosperm species, the
ultimate sizes of different cell types depend on a finely
tuned balance of intrusive and symplastic growth,
as explained below. The axial wood system of aspen
(Populus spp.) consists primarily of fibers and vessel
elements, organized in radial files, each of which
differentiates from a fusiform initial in the vascular
cambium (Mellerowicz et al., 2001). Any time a new
file is to be initiated, the fusiform initial divides anti-
clinally. This division is oblique and shortens the ini-
tial’s length (Fig. 1), but thanks to the intrusive apical
growth, the length of the initial is maintained and
may even increase as the cambium ages (Larson, 1994).
The formation of new fibers and vessel elements then
proceeds via a series of periclinal divisions, each
followed by intrusive apical growth, of the fusiform

initial and its derivative xylem mother cells. These
processes result in a slight increase in the length of
xylem mother cells within the cambial meristem
(Larson, 1994). After the xylem mother cells leave the
meristematic zone, the vessel elements do not elongate
any further, but the developing fibers continue to
elongate intrusively and markedly, their length in-
creasing to 150% to 400% of the original xylem mother
cell’s length, depending on species (Wenham and
Cusick, 1975; Larson, 1994; compare with Fig. 1).
Thus, the extent of intrusive elongation is a major
determinant of fiber length of angiosperm species, and
elucidating the mechanisms involved in its regulation
has clear fundamental and practical importance.

In contrast to apical elongation, the diameter growth
of developing fibers and vessel elements is driven by
diffuse growth of their entire radial walls (Mellerowicz
et al., 2001). The most intense radial expansion occurs
outside the meristem in the radial expansion zone. In
this zone, developing fibers expand symplastically, but
vessel elements expand more than adjacent cells by
intrusive lateral growth of their radial walls followed
by the displacement of adjacent cells. Thus, for the
final vessel diameter, both symplastic growth and in-
trusive growth are important, whereas the fiber diam-
eter is determined solely by symplastic growth.

We studied the role of a major native PME in cell
growth in the wood-forming tissues of hybrid aspen
(Populus tremula 3 tremuloides). Transgenic hybrid
aspen trees were generated in which PttPME1 expres-
sion was up- and down-regulated, with corresponding
changes in PME enzyme activities. The trees with
modified PME activity had altered degrees and pat-
terns of HG methylesterification, vessel and fiber
diameters, and fiber lengths. The results provide in-
formation demonstrating the role of PttPME1 in intru-
sive growth and support the hypothesis that HG
methylesterification plays an important role in the
regulation of wall plasticity.

Figure 1. Intrusive tip growth during wood cell de-
velopment. A, Tangential longitudinal section
through the cambium showing intrusively growing
cell tips (arrows). Scale bar 5 50 mm. B, Diagram
showing three developmental stages of cells elongat-
ing via intrusive growth, as seen in the radial longitu-
dinal view (top) and the corresponding cross-sectional
view (bottom). Stage I, intrusive apical growth results
in elongation of fusiform initials (FI) following multi-
plicative anticlinal divisions in the cambium. Stage II,
intrusive growth is responsible for elongation of xylem
mother cells (XMC) in the cambial zone. Stage III,
in the radial expansion (RE) zone, intrusive apical
growth is responsible for the elongation of fibers (F),
whereas vessel elements (VE) do not elongate outside
the meristem.
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RESULTS

Cloning and Expression of PttPME1

A 2,149-bp PttPME1 cDNA (accession no. AJ277547)
was isolated by screening an aspen cDNA library of
cambial region tissues (Sterky et al., 1998). The 1,739-
bp open reading frame was 96.8% identical to the open
reading frame of its best hit, Populus trichocarpa gene
model grail3.0029000401 at scaffold 29:48410-43182
(http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.
html) and it encoded a pre-proprotein of 62.9 kD with
high similarity to most plant PME precursors. It carried a
signal peptide flanked by a transmembrane domain
(Dorokhov et al., 2006) with a predicted cleavage site at
position Ala-46 (von Heijne, 1986) and a potential pro-
teolytic cleavage site in the vicinity of Pro-267 (Micheli,
2001) that would putatively release a mature protein of
34 kD with an isoelectric point of 8.88. Two potential
N-linked glycosylation sites, specified by the sequence
Asn-X-Ser/Thr, were found in the N-terminal Pro region
(Fig. 2A).

Expression of PttPME1 was investigated in stem
tissues active in secondary growth and during dor-
mancy using a PttPME1-specific probe. Transcripts
were most abundant in the primary-walled develop-
ing wood cells (i.e. the cambial meristem and its
expanding and elongating derivatives; Fig. 2B). These
are the tissues where cell growth takes place during
wood development, and they were used in all further
molecular and chemical analyses. No expression was
detected in the nongrowing dormant cambium, indi-
cating that PttPME1 expression is related to cell
growth.

Generation of Transgenic Aspens with Modified

PttPME1 Expression

To investigate the importance of the degree of
HG methylesterification for intrusive and symplastic
growth, and hence xylem cell length and width,
PttPME1 cDNA was expressed in aspen under the
control of the constitutive 35S promoter. Regeneration
and multiplication of transgenic lines proved to be dif-
ficult and only seven transgenic lines were obtained. In
addition, the gene-specific 3#-fragment of PttPME1 was
introduced to aspen in antisense orientation. Unfortu-
nately, none of the antisense lines that were regenerated
exhibited significantly reduced PttPME1 transcript lev-
els (data not shown). However, five sense lines had
reduced PttPME1 transcript levels and two showed
increased levels of PttPME1 expression, as determined
by quantitative reverse transcription (RT)-PCR (Fig. 3A).
The lines did not exhibit major changes in plant height
or stem anatomy as observed by light microscopy (data
not shown). Southern-blot analysis revealed that the
lines resulted from independent transformation events
and each had between one and six inserts (Fig. 3B).

PttPME1 Affects Wood Cell Expansion in
Transgenic Lines

The radial expansion of wood cells depends on the
plasticity of cell walls during symplastic growth and,
for vessel elements, also on dissolution of the middle
lamella during the intrusive lateral growth. The length
of wood fibers, however, depends solely on intrusive
growth. To evaluate the effect of PttPME1 expression on
xylem cell growth, individual cells were measured in
macerates of mature wood from the two most strongly
up-regulated lines (lines 7 and 2B), the most strongly
down-regulated line (line 5), and one slightly down-
regulated line (line 8). Fiber length was found to be in-
versely correlated to PttPME1 expression levels (Fig. 4,
A and B); approximately 50% increases and reductions
in expression levels leading to approximately 5% to
10% reductions and increases in fiber length, compared
with the wild type, respectively. The length of vessel
elements was not affected. However, the vessel tail length
was affected in lines 5 and 2B in the same manner as
the fiber length (data not shown). The growth in width
of both fibers and vessel elements was clearly stimu-
lated by a reduction in PttPME1 expression, but no
consistent effects of increased PttPME1 expression were
observed (Fig. 4). The increases in fiber and vessel width
were in the range 10% to 15%. Taken together, these data
demonstrate that modification of PttPME1 expression
affects symplastic and intrusive cell growth of fibers and
vessels in the secondary xylem of hybrid aspen.

NMR and Immunochemical Analysis Reveals Changes in
the Degree and Pattern of HG Methylesterification in
Transgenic Lines

To determine the degree of methylesterification
(DM) of HG in the PttPME1 lines with altered cell

Figure 2. Characterization of PttPME1. A, Deduced peptide of
PreProPttPME1. SP, Signal peptide; PRO, pro-protein N terminus.
Two hypothetical glycosylation sites are marked by stars. B, Reverse-
northern dot blot with the PttPME1-specific probe showing PttPME1
expression in the periderm, secondary phloem (denoted cortex), pri-
mary phloem, cambium, and expanding/elongating wood cells (denoted
cambium), in secondary-walled developing wood cells (denoted xy-
lem) during activity, and in the cambium during dormancy.
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growth, we extracted pectins with buffers containing
cyclohexane diamine tetraacetic acid (CDTA) and an-
alyzed them using a two-dimensional NMR proce-
dure. Because transgenic effects might concern only
particular pectin fractions, we used 10, 30, or 50 mM

CDTA buffer to extract different fractions of HG for the
NMR experiments. The resonances from methylesteri-

fied and nonmethylesterified HG were identified us-
ing a method that combines the resonances from 1H
and 13C atoms (Fig. 5). H5 resonances of methylesteri-
fied and nonmethylesterified galacturonan were re-
solved completely and used to quantify differences
between transgenic lines and wild-type trees. In addi-
tion, H4 resonances of methylesterified and nonmethyl-
esterified galacturonan could also be distinguished.
Although these signals were not completely resolved,
they served as independent controls for the observed
differences in H5 signals (data not shown). In the wild
type, the DM varied between 44% to 57% for the
different CDTA fractions. The down-regulated line 5
had a higher DM than the wild type in all HG frac-
tions, whereas the up-regulated lines 2B and 7 had a
lower DM. In the up-regulated line 7, changes were
smaller than in line 2B and most pronounced in the
10 mM CDTA fraction. The difference between trans-
genic lines and the wild type was in the range of 210%
to 125% (in the 50 mM CDTA fraction), and proven to
be statistically significant by multiple linear regression
analysis (Box et al., 1978; Supplemental Fig. S1).

The HG methylesterification patterns in wild-type
and transgenic trees were further explored immuno-
histochemically using monoclonal antibodies that spe-
cifically bind to HG with different distributions of
methyl ester groups. This approach allows in situ
visualization of specific pectin epitopes and is capable
of detecting modifications in specific tissues and cell
types that may be diluted in NMR analysis of ground
tissue samples. JIM5 and JIM7 have often been used to
evaluate DM. However, JIM5 and JIM7 can bind HG
with a wide range of different methylesterification
patterns (Willats et al., 2000; Clausen et al., 2003).
Therefore, we used PAM1 and LM7 antibodies, which
have been demonstrated to bind to highly specific HG
epitopes; PAM1 reacts with 30 contiguous deesterified
HG units and LM7 with four consecutive deesterified

Figure 3. Characterization of transgenic lines with 35S:PttPME1 cDNA.
A, Quantitative RT-PCR analysis of PttPME1 expression showing the
ratio of signals from PttPME1 and 18S rRNA. Expression levels (percent)
relative to the wild type are indicated above the bars. Bars 5 6SE; three
technical replicates, each sample containing tissues pooled from four
to eight trees. B, Transgene integration pattern analyzed by Southern
blotting. The number of bands shows the number of inserts.

Figure 4. A, Length and width of fibers and vessel
elements in PttPME1 up-regulated (2B and 7) and
down-regulated (5 and 8) lines, and wild-type plants.
Bars 5 SE; n 5 approximately 1,000 for fibers and 200
for vessel elements from five different trees; stars
indicate averages significantly different from the wild
type (Duncan multirange test; P # 0.05). B, Rela-
tionship between fiber length or xylem cell width and
PttPME1 expression levels. Best-fit lines were drawn
using linear or polynomial second-order functions.
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HG units in sparsely methylesterified HG (Clausen
et al., 2003).

In situ distribution of PAM1 and LM7 epitopes was
visualized in wild-type and transgenic lines (Fig. 6).
The PAM1 epitope was detected at low levels and
often observed at junction points where cell corners
initially meet and separate in later developmental
stages via the formation of intracellular spaces (Fig.
6B). Labeling was markedly enhanced in the PttPME1-
overexpressing line 2B, specifically in the radial ex-
pansion zone where it was found across broader cell
wall areas (Fig. 6A, arrow). The LM7 epitope was
observed only in the PttPME1 down-regulated line 5,
in which weak labeling was detected (often localized
to cell corners), in the zone of xylem radial cell
expansion (Fig. 6F). A dot-blot experiment confirmed

the differential abundance of the PAM1 epitope and
showed the dependence of its occurrence on the level
of PttPME1 expression (Fig. 7, A and B). No LM7
signal was detected by dot blotting, confirming the
low abundance of this epitope (data not shown).

To find out whether modified PttPME1 expression
in transgenic lines induced any changes in the amount
of pectins, we resuspended crude cell wall prepara-
tions in either water or 50 mM CDTA-containing buffer
and estimated the total uronic acid content in slurry
using a modified Blumenkrantz and Asboe-Hansen
method (Kim and Carpita, 1992). This procedure al-
lows measurement of uronic acids of pectin chains
completely in solution after CDTA extraction (approx-
imately 40%) as well as the ones in pectin chains
still attached at some point to the cell wall network

Figure 5. 1H-13C two-dimensional NMR analysis of CDTA extracts from wood-forming tissues of wild-type aspen and transgenic
lines with up-regulated (2B and 7) or down-regulated (5) PttPME1 expression. A, Example of 1H-13C HSQC spectrum showing
effects of methylesterification on resonances of H4 and H5 protons of GalUA. Methylesterification shifted the H4 peak from 4.38
ppm to 4.43 ppm, and the H5 peak from 4.63 ppm to 5.05 ppm. B, Structure of GalUA. C, DM of HG in pectin fractions extracted
with 10, 30, and 50 mM CDTA in transgenic lines based on the integration of H5 peaks. The table shows averages of two biological
replicates; each replicate sample contained pooled tissues from four to eight trees and was analyzed two times. Linear multivariate
modeling showed that the differences between genotype and the wild type were significant (P # 0.05; Supplemental Fig. S1).

Figure 6. Immunolocalization of HG epitopes with
different methylesterification patterns (green) in the
wood-forming tissues of the wild type (B and E), up-
regulated (2B, A and D), and down-regulated (5, C
and F) PttPME1 lines. Inserts show PAM1 (arrows) and
LM7 (arrowheads) signals at cell corners. Negative
controls were prepared without primary antibodies
and generated no signals except nonspecific signals
(ns) in the air-filled spaces of the rays, as also shown
in the experimental sections in B and D. C, Vascular
cambium; P, phloem; RE, xylem radial expansion
zone; the red signal originates from the autofluores-
cence of chlorophyll. Scale bar (shown in F) 5

20 mm.
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(approximately 60%). We found that PME-down-
regulated lines had reduced levels of CDTA-accessible
pectin, indicating a decreased level of Ca21-bound HG
(Fig. 7C), whereas the water-accessible uronic acid
levels were not significantly affected (data not shown).

Taken together, data from the physical and immu-
nochemical analyses demonstrate that altering the
expression of PttPME1 in transgenic trees altered
the DM in an expected fashion. Overexpression of
PttPME1 led to contiguous HG demethylesterification,
whereas its deficiency led to a novel pectin epitope
with a sparse methylesterification pattern. The in situ
visualization data further demonstrate that the

changes in the methylesterification patterns in the
transgenic lines coincided with the location of radial
expansion.

Altered PttPME1 Expression Changes PME Activity and

the Pattern of PME Isoforms in Transgenic Lines

The effect of altered expression of PttPME1 on over-
all PME enzyme activity was examined in the wall-
bound fraction (1 M NaCl extractable) and the soluble
protein fraction (Fig. 8, A and B). The wall-bound
fraction contained far more activity than the soluble
fraction, but activities in both fractions were affected
by the changes in PttPME1 expression in transgenic
lines. In line 5, activity in the wall-bound fraction was
only 10% of wild-type levels, whereas it was increased
in line 2B to 130% of wild-type levels. A correlation
between PttPME1 expression and PME activity was
found (Fig. 8B), indicating that the PttPME1 gene

Figure 7. Analysis of CDTA-extracted and total CDTA-accessible pec-
tin in up-regulated (2B) and down-regulated (5 and 8) PttPME1 lines. A
and B, Immunodot blots using the PAM1 monoclonal antibody. Equal
loads of CDTA-extracted uronic acid from each line were dot blotted
onto nitrocellulose in a dilution series and probed with PAM1. A,
Example of a dot-blot pattern. B, Relationship between the quantified
PAM1 signal from a dilution series and PttPME1 expression levels. A
logarithmic function was used to draw a best-fit trend line. Each sample
contained tissues pooled from four to eight trees; three technical
replicates. C, Total CDTA-accessible uronic acid content as determined
by the modified Blumenkrantz and Asboe-Hansen procedure (Kim and
Carpita, 1992) in cell slurry suspended in 50 mM CDTA buffer. GalA
was used for the calibration curve. Bars 5 6SE; n 5 six technical
replicates; each sample contained tissues pooled from four to eight
trees. Means accompanied by different letters are significantly different
(Duncan multirange test; P # 0.05).

Figure 8. A, PME activity in wall-bound and soluble protein fractions of
transgenic lines with up-regulated (2B) and down-regulated (5 and 8)
PttPME1 expression. Activity levels (percent) relative to the wild type
are indicated above the bars. Bars 5 6SE; n 5 six technical replicates,
each sample containing tissues pooled for four to eight trees. Means
accompanied by different letters are different (Duncan multirange test;
P # 0.05). B, Relationship between PttPME1 expression levels and PME
activities. Best-fit lines were produced using a logarithmic function.
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encodes an enzyme with PME activity, as predicted
from the sequence analysis.

There are many PME isoforms in wood-forming
tissues (Guglielmino et al., 1997a; Micheli et al., 2000).
Analysis of PME activity in gels following isoelectric
focusing of the wall-bound protein fraction revealed
large differences in staining for the neutral isoforms
centered around pI 7.3 (N3), which were the most
abundant PME isoforms in the developing wood of the
wild type (Fig. 9). In line 5, in which PttPME1 expres-
sion was suppressed, the N3 isoforms almost disap-
peared, and in samples from the overexpressing line
2B, the signal from the band corresponding to the N3
isoform was increased. In addition, basic isoforms
with pIs around 8.5 (B2 and B3) covaried with N3, al-
though changes in transgenic lines were not as large.
The mature form of the PttPME1 protein (lacking the
signal peptide and the Pro region) has a predicted pI of
8.88 and could correspond to B3. We identified no
mature PMEs with a neutral pI corresponding to the
N3 isoform in the EST database from wood-forming
tissues (Supplemental Table S1). However, the un-
cleaved PttPME1 and the corresponding protein of P.
trichocarpa encoded by grail3.0029000401 would give
rise to a neutral isoform with a pI of 7.28. Thus, the

uncleaved PttPME1 enzyme may represent the major
N3 isoform revealed by isoelectric focusing, although
additional work is required for a firm conclusion
regarding this possibility.

In line 5, we expect other similar PME genes to
be cosuppressed with PttPME1. Searches by BLAST
in the Populus genome database revealed 11 gene mod-
els sharing at least one 22-nucleotide stretch with
PttPME1 (data not shown), which are all likely candi-
dates to be affected. Consistent with this expectation,
isoelectric focusing revealed a disappearance of addi-
tional PME isoforms in this line, such as pI 4.5 (new)
and 6.8 (N2; Fig. 9). Thus, the different pattern of
isoforms present in line 5 cannot be attributed solely to
PttPME1, but most likely to similar PMEs affected in
concert by the cosuppression mechanism.

DISCUSSION

PttPME1 Is an Abundant PME Involved in Xylogenesis

PME is a ubiquitous enzyme in plants, encoded by
66 genes in Arabidopsis (Arabidopsis thaliana), most
showing tissue- and stress-specific expression patterns
(Louvet et al., 2006; Pelloux et al., 2007; http://www.
afmb.cnrs-mrs.fr/CAZY/CE_8.html). In the Populus
genome, 89 gene models with similarity to plant PMEs
have been identified (Geisler-Lee et al., 2006; Pelloux
et al., 2007; http://genome.jgi-psf.org/Poptr1_1/
Poptr1_1.home.html). Fourteen of them have corre-
sponding ESTs in libraries from wood-forming tissues
and some showed distinct expression patterns during
wood development in cDNA microarray studies
(Pelloux et al., 2007). With gene-specific probes,
PttPME1 was found to be more expressed in the
primary- than in secondary-walled developing xylem
(Fig. 2B), indicating that the corresponding protein is
important in the early stages of xylogenesis when cell
growth takes place. Modified expression of PttPME1
in transgenic trees resulted in substantial changes in
both wall-bound and soluble PME activities (Fig. 8),
demonstrating that the gene encodes an important
bona fide PME. Isoelectric focusing of cell wall-bound
PMEs detected a total of eight isoforms with pI values
ranging from 8.5 to 4.0 (Fig. 9) in accordance with data
presented by Guglielmino et al. (1997a) and Micheli
et al. (2000). The neutral isoforms centering on pI 7.3
(N3) were the most abundant and they were also the
isoforms that were most affected by modified PttPME1
expression, together with the less abundant B2/B3
isoforms (Fig. 9). The predicted pI of mature PttPME1
protein is close to that of B2/B3, indicating that the
mature PttPME1 may contribute to these isoforms.
Analysis of predicted pIs of wood-expressed PMEs
published by Geisler-Lee et al. (2006) did not detect
any obvious candidate for a neutral isoform among the
mature PMEs (Supplemental Table S1). However, the
predicted pIs of Pro-PME1 matched that of N3, sug-
gesting that both cleaved and uncleaved forms accu-

Figure 9. Results of isoelectric focusing of PME activity in the wall-
bound protein fractions extracted from up-regulated (2B) and down-
regulated (5) PttPME1 lines demonstrating changes in neutral and basic
isoforms. Samples were calibrated to 200 mg (top) or 100 mg (bottom) of
dried cell walls. Designations of previously described PME isoforms
(Micheli et al., 2000) are shown on the right. Samples were pooled for
four to eight trees/line.
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mulate in the cell wall. In support of this hypothesis,
a peptide from a Pro region of PttPME1 protein has
been identified in the aspen cell wall-bound proteome
(R. Nilsson and G. Wingsle, personal communication).
The Pro region of group 2 (former type I) PMEs
contains a PME inhibitor (PMEI) domain that partic-
ipates in PME secretion to the cell wall and is cleaved
off, most likely outside the protoplast, to release the
esterase domain (Micheli, 2001; Bosch et al., 2005; Di
Matteo et al., 2005; Dorokhov et al., 2006; Pelloux et al.,
2007). The PMEI domain of NtPPME1 inhibited activ-
ity of the esterase domain when coexpressed in to-
bacco (Nicotiana tabacum), suggesting a role of PMEI as
an intramolecular inhibitor of PME activity (Bosch
et al., 2005). However, in flax (Linum usitatissimum),
PMEs with Mrs corresponding to uncleaved forms
exhibited activity in native gels (Al-Qsous et al., 2004).
Therefore, we suggest that uncleaved PttPME1 con-
tributed to N3. Sequencing of different PME isoforms
will be required to clarify this point.

PttPME1 Stabilizes Pectin Network

If PttPME1 is an important PME in wood-forming
tissues, alterations in its activity should change the
degree and pattern of HG methylesterification. In ac-
cordance with this expectation, we found changes in
HG DM in CDTA-extracted pectin and in the methyl-
esterification pattern detected with antibodies (Figs. 5–7).
Up-regulation of PttPME1 resulted in a small but
significant decrease in average DM and an increase
in en block deesterification detected by PAM1. This
indicates that PttPME1 has processive activity in
planta, which has been frequently ascribed to plant
basic PMEs (Catoire et al., 1998; Micheli, 2001). Sup-
pression of PttPME1 (and possibly similar PMEs) in
aspen wood-forming tissues resulted in a lower amount
of galacturonan (Fig. 7C) as was also observed in
PME-suppressed tomato (Solanum lycopersicum) fruit
(Tieman et al., 1992). This probably relates to the oc-
currence of more sparsely esterified epitopes, such as
LM7, and a lower amount of egg-box complexes that
stabilize HG (Jarvis, 1984; Baluška et al., 2002), hence a
pectin that is more susceptible to degradation by
pectin lyases and polygalacturonases (Limberg et al.,
2000; van Alebeek et al., 2002; Wehr et al., 2004). In
summary, PttPME1 appears to be an important en-
zyme in the generation of egg-box structures and
stabilizing pectins in the cell wall during wood devel-
opment.

PttPME1 Inhibits Symplastic and Intrusive Growth

It has been postulated that HG methylesterification
levels and patterns are important determinants of cell
wall plasticity and thus diffuse symplastic growth
(Goldberg et al., 1986; Micheli, 2001). Supporting this
hypothesis, several studies have found gradients of
decreasing HG methylesterification levels and increas-
ing PME activities from expanding to maturing tissues

(Goldberg et al., 1986; Alexandre et al., 1997; Guglielmino
et al., 1997b; Femenia et al., 1998; Fujino and Itoh, 1998;
Parre and Geitmann, 2005). We found that down-
regulation of PttPME1 (and possibly similar PMEs)
stimulated radial expansion in both vessel elements
and fibers (Fig. 4), indicating that these PMEs are neg-
ative regulators of wall plasticity in developing wood
cells. This agrees with many observations in other cell
types in different species, regarding PMEs from both
plant and fungal sources (Wen et al., 1999; Hasunuma
et al., 2004; Bosch et al., 2005; Derbyshire et al., 2007).
Our results support the hypothesis that wall stiffening
involves Ca21-mediated pectin gelation and immobi-
lization, and that PttPME1 is involved in these pro-
cesses.

Interestingly, suppression of PttPME1 in line 5 (Fig.
9) resulted in the appearance of a sparsely methyles-
terified LM7 epitope (Clausen et al., 2003; Fig. 6F). This
suggests that other PMEs active in developing wood
tissues deesterify pectin by a multiple attack mecha-
nism (Catoire et al., 1998). These PMEs might contrib-
ute to wall loosening mediated by pectin-degrading
polygalacturonases as observed in the pollen tube in
Solanum chacoense (Parre and Geitmann, 2005). That an
acidic PME is required for pectin breakdown promot-
ing wall loosening in planta has been recently shown
by cloning of the QUARTET1 gene (Francis et al.,
2006). Thus, it seems likely that differences in the
balance of acidic and neutral PMEs across the cambial
meristem and expanding xylem cells in Populus
(Micheli et al., 2000) are important for developmental
patterns of cell expansion in developing wood. In
Populus, expression of acidic PME isoforms of pI 5.2
(A2) was recorded in cambial cells, whereas the ex-
pression of neutral N3 isoforms (likely PttPME1)
lasted until later stages of xylogenesis in the radial
expansion zone (Micheli et al., 2000). Moreover, micro-
array analysis of gene expression across the cambial
meristem (Schrader et al., 2004) revealed two distinct
patterns for PME genes, with peak expression either in
the center of the meristem or close to the exit from the
meristem and the beginning of the radial expansion
zone, as in the case of PttPME1 (Pelloux et al., 2007).

The observed effects of transgenic modification of
PttPME1 expression levels on fiber length in aspen
demonstrate the involvement of PME activity in in-
trusive apical growth of wood fibers (Fig. 4). High
PME activity inhibited, while low activity stimulated,
fiber elongation. Intrusive tip growth requires: (1)
dissolution of the middle lamella; (2) yielding of the
wall between adjacent cells to create space for the
growing tip; and (3) wall biosynthesis at the fiber tip.
PttPME1 (and possibly similar PMEs) may be in-
volved in all of these processes, but we propose that
its major impact is through modification of the middle
lamella leading to changes in the degree of cellular
adhesion. By generating methyl-free HG stretches,
thus creating stiff pectin-calcium-pectin structures and
stabilizing pectin network, PttPME1 would strengthen
cellular adhesion and hinder intrusive growth. Similar
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to PttPME1, PME isoforms in flax and tomato had a
cell adhesion-promoting role (Lamblin et al., 2001;
Orfila et al., 2001; Lacoux et al., 2003). Conversely the
appearance of the LM7 epitope (Fig. 6F), a marker of
cell separation (Willats et al., 2000), suggests that
residual PME activities might assist fiber intrusive
growth. A PME protein has been localized at cell junc-
tions in wood-forming tissues of poplar (Guglielmino
et al., 1997a), where it may directly regulate methyl-
esterification and thus affect cellular adhesion and
intrusive fiber growth. Other factors important for cell
adhesion, including pectin acetylation (Liners et al.
1994), the content of HG (Rhee and Somerville, 1998;
Atkinson et al., 2002; Bouton et al., 2002; Leboeuf et al.,
2005; Francis et al., 2006), rhamnogalacturonan II (Iwai
et al., 2002), arabinan (Iwai et al., 2001, Orfila et al.,
2001), and other adhesion-regulating genes (Shi et al.,
2003; Takahata et al., 2004; Singh et al., 2005), could
also play an important role in fiber elongation. An
understanding of intrusive growth opens a number of
possibilities for marker-assisted selection and biotech-
nological manipulation of the length of wood fibers, as
well as other economically important fibers that elon-
gate via intrusive growth, including sisal, abaca, jute,
flax, ramie, hemp and kenaf (for review, see Lev-
Yadun, 2001). Several genetic approaches have been
taken to select long-fiber tree varieties, but little is
known about genes responsible for this trait. A cellu-
lase, the class of enzyme traditionally regarded as the
wall plasticity regulator, was initially reported to have
a fiber length-increasing role in aspen (Shani et al.,
1999), but this effect was not confirmed in a subse-
quent study (Shani et al., 2004). Ectopic overexpression
of expansin in aspen did not increase the fiber length
(Gray-Mitsumune et al., 2007), suggesting that tech-
niques targeting wall plasticity alone may not be suf-
ficient to enhance the intrusive growth of wood fibers.
Recently, a transgenic approach was used to increase
the GA content in developing wood by ectopic ex-
pression of GA 20-oxidase, which resulted in an 8%
increase in wood fiber length (Eriksson et al., 2000).
Transgenic trees showed altered transcript levels for a
number of cell wall biosynthetic and modifying en-
zymes, including pectin-acting genes (Israelsson et al.,
2003). These findings suggest that pectin metabolism is
a promising target for biotechnological attempts to
modify fiber length.

MATERIALS AND METHODS

Plant Material

Hybrid aspen (Populus tremula 3 tremuloides), clone T89, was grown in a

greenhouse under a photoperiod of 18 h with natural light supplemented with

metal halogen lamps. The temperature was 22�C/15�C (day/night), and the

trees were watered daily and fertilized once a week with a nutrient solution

(Superba; Yara AB). Trees were grown to a height of 1.5 m. Dormancy was

induced by natural autumn photoperiods in the unheated greenhouse and

tissues from these trees were sampled at the quiescent stage of dormancy

(Romberger, 1963).

Samples containing cambium and the radial expansion zone of developing

wood for molecular and chemical analyses were collected from internodes

with well-advanced secondary growth by peeling the bark and scraping the

exposed tissues from the phloem side as described by Gray-Mitsumune et al.

(2004). Dormant cambium was scraped from the exposed wood side. Col-

lected tissues were ground in liquid nitrogen with a mortar and pestle and the

powdered tissues were stored at 280�C until use.

Cloning of PttPME1 cDNA

Two degenerate primers (5#-AMTGGAACARTCGATTTCATYTTCGG-3#
and 5#-GAATATTCCTTCCAHGGMCGACCAARATAC-3#) were used to am-

plify a 200-bp PME fragment from genomic DNA. A lt22a cDNA library,

prepared from the cambial region (Sterky et al., 1998), was screened under

high stringency with the 200-bp probe. Positive inserts were cloned in

pBluescript SK (Stratagene) and sequenced on both strands.

RNA Extraction and PttPME1 Expression Analyses

Total RNA was extracted from powdered tissue using the hot CTAB

method (Chang et al., 1993) and purified with RNeasy plant mini kit columns

(Qiagen).

Reverse-Northern Dot Blotting

A 3#-untranslated region fragment of PttPME1 cDNA corresponding to

nucleotides 1,772 to 2,112 of the accession AJ277547 was verified as PtPME1

specific by a BLAST search of the Populus genome database (http://genome.

jgi-psf.org/Poptr1_1/Poptr1_1.home.html). Serial dilutions of DNA corre-

sponding to this fragment were denatured in 0.4 N NaOH and spotted onto a

positively charged nylon membrane (Amersham) using a vacuum manifold

(Schleicher and Schuell). The cDNA probe was prepared as described by

Micheli et al. (1998), purified on Sephadex G50 (Pharmacia), and added to

hybridization buffer (Church and Gilbert, 1984) at a concentration of 8.8 106

cpm/mL. Following hybridization and high-stringency washes, autoradio-

graphs were obtained and scanned using Photoshop (Adobe Systems). Images

were analyzed using National Institutes of Health Image 1.57 software (Wayne

Rasband; NIH).

Quantitative RT-PCR

Total RNA was treated with DNase and reverse transcribed using random

hexamer primers (50 ng/mL) and the Moloney murine leukemia virus reverse

transcriptase (Roche Diagnostics). First-strand cDNA was used as a template

in PCR using the primer set 5#-ATTTCATTTTCGGCAATGCT-3# and 5#-GCG-

CCACGAAGAGAATACAT-3#, which yields a 516-bp product specific for

sense mRNA. PCR was optimized (32 cycles of 94�C for 30 min, 62�C for

30 min, and 72�C for 30 min) according to recommendations for the Quantum

RNA kit (Ambion).

Generation of Transgenic Aspen

Full-length PttPME1 cDNA (sense construct) or its 3# gene-specific fragment

(antisense construct) was cloned into the binary vector pBI121 (CLONTECH).

The vector was transferred to aspen as described previously (Gray-Mitsumune

et al., 2007) via Agrobacterium tumefaciens strain GV3101 (Koncz and Schell, 1986).

Kanamycin-resistant lines were clonally propagated in vitro and planted in the

greenhouse.

Southern-Blot Analysis

Genomic DNA was extracted from young shoots using the hot CTAB

method (Doyle and Doyle, 1989), with modifications described by Fang et al.

(1992), digested with HindIII, separated on a 0.7% agarose gel, and transferred

to a Hybond-N1 membrane (Amersham-Pharmacia Biotech) under alkaline

conditions. The membrane was probed at high stringency with a fragment

specific to the NPTII gene present in the vector. Radioactivity was analyzed by

a phosphor imaging system (GS-525, Molecular Imager; Bio-Rad).

Wood Cell Measurements

Wood from internode 40, counting from the top, was macerated in an acetic

acid-peroxide cocktail until single cells were obtained (Berlyn and Miksche,
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1976). Cells were stained with toluidine blue O and examined under an

Axioplan 2 microscope (Zeiss). Vessel element length was measured without

tails. Their tails, if present, were measured separately. Extended focus images

were captured by an AxioVision camera (Zeiss) and cells were measured

directly on the computer screen.

Pectin Analysis

NMR

For NMR analyses, pectins were extracted from tissue powders with three

different buffers containing 50 mM Tris-HCl (pH 7.2) and either 10, 30, or

50 mM CDTA. The extraction was continued for 10 min at 95�C with inter-

mittent vortex mixing and the sample was then centrifuged at 10,000 rpm for

10 min. All samples were lyophilized and dissolved in D2O. Prior to NMR

analysis, pH was set to 6.1.

Gradient-enhanced Heteronuclear Single Quantum Coherence (ge-HSQC)
1H-13C spectra were acquired using a Bruker DRX spectrometer (Bruker

Biospin) operating at a proton frequency of 600 MHz, using a 5-mm TXI probe

equipped with Z gradients. NMR measurements were recorded at 75�C to

ensure sufficient mobility of the pectin polymer. The ge-HSQC 1H-13C two-

dimensional NMR spectra (Kay et al., 1992) were collected using sine-shaped

gradients for the coherence selection. Sweep widths of 13 ppm and 98 ppm

were used in the 1H and 13C dimensions, respectively. For each NMR experi-

ment, 32 to 88 scans were collected using a relaxation delay of 1.5 s for each of

the 128 t1 increments.

DM was determined by integrating the spectral regions of H5 for the

nonmethylesterified and methylesterified peaks that were fully resolved, as

opposed to the other resonances. The assignments correspond to proton reso-

nances previously reported (Grasdalen et al., 1988; Rosenbohm et al., 2003).

Corresponding 13C resonances were identified by recording two-dimensional
1H-13C spectra of 95% methyl-esterified citrus pectin and poly GalUA (both

from Sigma-Aldrich).

For the final analysis, duplicate biological replicates were prepared using

different pools of trees, resulting in 24 samples (i.e. two biological replicates

for all fractions and lines). Results were evaluated by multiple linear regres-

sion, where CDTA concentration was a quantitative factor, genotype was a

qualitative factor, and DM was the response (Box et al., 1978). Three models

were evaluated separately comparing each transgenic line with the wild type

using MODDE Version 7.0.0.1 (Umetrics AB).

Immunochemical Analyses

For other procedures, pectins were extracted from tissue powders with the

hot buffer containing 50 mM CDTA, as above. The immunodot-blot procedure

was according to Willats and Knox (1999). Equal amounts of uronic acids from

each line were dot blotted onto nitrocellulose in a 53 dilution series and

probed with LM7 and PAM1 monoclonal antibodies, followed by a secondary

anti-rat antibody conjugated to peroxidase or, in the case of PAM1, by anti-His

monoclonal antibody and a tertiary anti-mouse antibody coupled to perox-

idase (all from Sigma). All monoclonal antibodies were gifts from Dr. W.G.T.

Willats and Dr. J.P. Knox. The peroxidase product was detected with ECL

Plus reagents (Amersham) and quantified with the Typhoon scanner 9400

(Amersham) in fluorescence mode using 415-nm excitation and 455-nm

detection wavelengths.

For immunolocalizations, stem internodes 15 to 20, counting from the top,

were free-hand sectioned and processed as described by Willats et al. (2001).

Negative controls were treated without primary antibodies or without any

antibodies (autofluorescence controls). Sections were examined by confocal

laser microscopy (Zeiss LSM 510). Sections were excited with 488-nm light and

FITC signals were detected between 505 and 530 nm. Chlorophyll autofluo-

rescence signals were detected above 650 nm and superimposed onto the

transmitted light signals for anatomical detail. All samples that were com-

pared were scanned at identical fluorescein isothiocyanate detection settings.

Chemical Analyses

Uronic acid content was determined in tissue slurry obtained by mixing

the frozen tissue powder with a CDTA-containing buffer, as described above,

and applying the Blumenkrantz and Asboe-Hansen method according to Kim

and Carpita (1992). Pectin analyses were replicated with similar results using

material grown in two independent experiments in the greenhouse. Results

from one of the experiments are shown.

PME Activity Assays

PME Activity Measurement

Soluble and ionically bound (1 M NaCl-extractable) proteins were isolated

from the frozen tissue powder as previously described (Micheli et al., 2000).

PME activity was measured spectrophotometrically, using a Pharmacia LKB

Biochrom 4060 UV-visible spectrophotometer, by monitoring pH changes

resulting from de-esterification of citrus pectin (methylesterified at 89%;

Sigma) with methyl red indicator (Micheli et al., 2000). The starting pH of the

reaction mixture was 6.1. Readings were taken within the linear range of the

reaction rate. PME activity was expressed in micromoles of H1 released

during 1 h/mg of proteins determined by DC protein assay (Bio-Rad). PME

activity measurement was replicated with similar results using material

grown in two independent experiments in the greenhouse. Results from one

of the experiments are shown.

Isoelectric Focusing of PME

Cell wall proteins were extracted with 1 M NaCl as described above and

fractionated on ultrathin polyacrylamide slab gels containing 10% (v/v)

pharmalytes (pH range, 3–10; Amersham Biosciences). Before loading, sam-

ples were desalted and calibrated to 20, 100, and 200 mg of lyophilized cell wall

material. Zymograms of the PMEs were generated according to Micheli et al.

(2000), and the apparent pIs of the detected PMEs were determined by

reference to pI markers (Bio-Rad).

Statistical Analysis

Statistical analysis of NMR data was described above. Other data were

analyzed by type III ANOVA using the GLM procedure (SAS) with the

following model:

Y 5 m 1 genotype 1 ERROR

If the ANOVA analysis showed a significant (P # 0.05) genotype effect, the

Duncan multiple-range test was applied to test differences among genotypes

at P # 5%, or in some cases pairwise Student’s t test was used to test for a

difference between a transgenic line and the wild type.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number AJ277547 (PttPME1).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Statistical analysis of NMR data.

Supplemental Table S1. PME genes identified in EST libraries prepared

from woody tissues.

ACKNOWLEDGMENTS

We thank Dr. W.G.T. Willats and Dr. J.P. Knox for the antibodies and Mr. K.

Olofsson for technical assistance.

Received October 30, 2007; accepted November 24, 2007; published December

7, 2007.

LITERATURE CITED

Alexandre F, Morvan O, Gaffe J, Mareck A, Jauneau A, Dauchel H,

Balange AP, Morvan C (1997) Pectin methylesterase pattern in flax

seedlings during their development. Plant Physiol Biochem 35: 427–436

Al-Qsous S, Carpentier E, Klein-Eude D, Burel C, Mareck A, Dauchel H,

Gomord V, Balange AP (2004) Identification and isolation of a pectin

PME Inhibits Growth of Developing Wood Cells

Plant Physiol. Vol. 146, 2008 563

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/146/2/323/6107207 by cirad-4 user on 04 July 2022



methylesterase isoform that could be involved in flax cell wall stiffen-

ing. Planta 219: 369–378

Atkinson RG, Schroder R, Hallett IC, Cohen D, MacRae EA (2002)

Overexpression of polygalacturonase in transgenic apple trees leads to

a range of novel phenotypes involving changes in cell adhesion. Plant

Physiol 129: 122–133
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