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Abstract AcylesteriWcation is one of the common modiW-
cations of cell wall non-cellulosic polysaccharides and/or
lignin primarily in monocot plants. We analyzed the cell-
wall acylesters of black cottonwood (Populus trichocarpa
Torr. & Gray) with liquid chromatography–mass spectrom-
etry (LC–MS), Fourier transform-infrared (FT-IR) micro-
spectroscopy, and synchrotron infrared (IR) imaging
facility. The results revealed that the cell wall of dicotyle-
donous poplar, as the walls of many monocot grasses, con-
tains a considerable amount of acylesters, primarily acetyl
and p-hydroxycinnamoyl molecules. The “wall-bound”
acetate and phenolics display a distinct tissue speciWc-,
bending stress responsible- and developmental-accumula-
tion pattern. The “wall-bound” p-coumarate predominantly
accumulated in young leaves and decreased in mature
leaves, whereas acetate and ferulate mostly amassed in the
cell wall of stems. Along the development of stem, the level
of the “wall-bound” ferulate gradually increased, while the
basal level of p-coumarate further decreased. Induction of
tension wood decreased the accumulation of the “wall-
bound” phenolics while the level of acetate remained con-
stant. Synchrotron IR-mediated chemical compositional
imaging revealed a close spatial distribution of acylesters
with cell wall polysaccharides in poplar stem. These results
indicate that diVerent “wall-bound” acylesters play distinct
roles in poplar cell wall structural construction and/or
metabolism of cell wall matrix components.
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Introduction

Plant cell wall provides mechanical strength to vascular
plants and represents the most abundant renewable biomass
potentially for biofuel production. During cell-wall biogen-
esis and modiWcation, several types of acylesteriWcations,
including acetylation and p-hydroxycinnamoylation, occur
on the wall matrix components, non-cellulosic polysaccha-
rides, lignin, and perhaps, the wall-associated structural
proteins (Fry and Miller 1989; Iiyama et al. 1994; HatWeld
et al. 1999). Certain cell wall polysaccharides, notably, ara-
binoxylan in graminaceous plants (tropical perennial
grasses) and pectin of spinach and sugar beets are substi-
tuted with phenolic esters involving trans-feruloyl and
trans-p-cinnamoyl groups (Fry 1986; Ishii 1997a). Feruloyl
groups in the gramineas are mainly substituted at position
O-5 of the �-L-arabinofuranoyl residues, which then are
attached to the O-3 position of �-1,4-linked D-xylose in the
backbone of hemicellulose (Wende and Fry 1997a; Ishii
1997a). Through a peroxidase-catalyzed dimerization or an
ether-to-ester linkage, these so-called “wall-bound” pheno-
lics can form complex cross-links between polysaccharides,
polysaccharide and lignin, and, probably, polysaccharide
and structural protein (Bunzel et al. 2004; Ralph et al. 2004;
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Piber and Koehler 2005). The cross-linkages of wall poly-
mers mediated by phenolic esters may signiWcantly stabi-
lize the three-dimensional structure of the cell wall matrix
and facilitate the formation of wall-matrix network for
imbedding cellulose microWbrils. Such cross-linkages also
limit the accessibility of polysaccharide hydrolases to their
substrates, and hence, hinder microbial degradation of cel-
lulosic Wbers (Kato and Nevins 1984; Grabber et al. 2004).
In addition to feruloylation of cell-wall polysaccharide
hemicellulose or pectin, lignin in many monocot crops and
woody plants are frequently esteriWed with p-hydrox-
ybenzoyl, or p-coumaroyl moieties (SederoV et al. 1999; Lu
and Ralph 1999; Lam et al. 2001; Lu and Ralph 2002).
These diVerent acylesteriWcations are believed to occur in
monolignols by �-linkage, and incorporated into lignin dur-
ing polymerization. The acyl moieties of lignin may also
function as inter- or intra-molecular cross-linkers to con-
nect lignocellulosic polymers, or as the special electron-
transfer carrier during oxidative coupling for lignin poly-
merization (Ralph et al. 2004). Besides aromatic acylation,
cell wall polysaccharides, hemicellulose and pectin, and
lignin also undergo signiWcant O-acetylation (Wende and
Fry 1997b). A high degree of acetylation on pectin, a pri-
mary cell wall component, was noted in several important
crops, such as potato and sugar beet (Liners et al. 1994;
Schols and Voragen 1994; Ishii 1997b; Renard and Jarvis
1999). The extent of O-acetylation of GalA residues in pec-
tin varies from 0 to 90% depending on the particular tissue,
and species (Schols and Voragen 1994; Voragen et al.
1998). Although the role of such O-acetylation of polysac-
charide backbones in planta is unclear, the O-acetyl substit-
uents on pectin may aVect the solubility and gelatability of
pectin (Pippen et al. 1950; Rombouts and Thibault 1986).
Moreover, acetylesters of cell wall polysaccharides may act
as physical barrier hindering the enzymatic breakdown of
polysaccharide polymers (Biely et al. 1986; Tenkanen
1998; Renard and Jarvis 1999).

Cell wall acylesteriWcation, therefore, likely contributes
the wall recalcitrance to hydrolysis thus reducing the degra-
dability of lignocellulosic biomass. Understanding the bio-
genesis and regulation of cell wall acylesterifcation in
“biogenergy” crops will facilitate manipulating cell wall’s
biochemical and biophysical properties, thus improving the
conversion of lignocelluloses to biofuel.

Poplars are a fast growing dicotyledonous woody species.
The wood of Populus spp. consists of about 50% cellulose,
30% hemicellulose, and 20% lignin, representing one of the
most promising bio-resources providing carbohydrate bio-
mass for biofuel production (Aspeborg et al. 2005). The
whole genome sequencing of black cottonwood (Populus
trichocarpa Torr. & Gray), the one of poplar species, was
recently completed (Tuskan et al. 2006), which provides
profound molecular resource to study cell wall biogenesis

and modiWcation. Being interested in characterizing the
molecular factors controlling lignocellulosic structural prop-
erties of wood species, and eventually manipulating wood
feedstock’s digestibility to facilitate biofuel production, we
took black cottonwood as our model experimental system.
As acylesteriWcation was mostly reported from the cell wall
of monocot grass species, so the Wrst step, we examined
whether cell wall of black cottonwood undergoes similar
acylesteriWc modiWcations. To do that we adopted FT-IR,
synchrotron IR spectroscopic chemical imaging and LC–MS
techniques. Our results revealed that three major types of
acylesters, i.e., acetyl, p-coumaroyl, and feruloyl moieties
were abundant in black cottonwood cell wall alkali extract-
able fractions; the spatial distribution of acylesters in poplar
wood tissues correlates well with cell wall polysaccharides;
the accumulation of those “wall-bound” acylesters exhibit
clear tissue-speciWc pattern and the levels of the accumu-
lated acylesters diVerentially changed along plant develop-
ment and in response to bending stress. These data implicate
the distinct functions of acylesters in poplar cell wall archi-
tecture and metabolism of cell wall components.

Materials and methods

Chemicals

The authentic polysaccharides, cotton cellulose and beech
wood xylan, in FT-IR study and the authentic phenolic
compounds, ferulic acid, p-coumaric acid, caVeic acid, etc.,
used in LC–MS analysis were purchased from Sigma-Ald-
rich (St Louis, MO).

Plant material and sampling

Plantlets of Populus trichocarpa L. (black cottonwood),
about 1-year-old, were purchased from Oak Point Nursery
(Indepence, OR) and grown in greenhouse at 22°C on
March of 2006. The leaves and stem internodes were col-
lected on October, 2006. The internodes were counted from
the shoot tip. The leaves on the shoots were pooled into
three groups. The unexpanded leaves from shoot tip repre-
sent the young leaves. The fully expanded leaves from
developing shoot (between nodes 5 to »26) represent the
mature leaves, and the leaves on the node 26 below dis-
played senescent symptom thus were grouped as old leaves.
All materials were collected and immediately frozen using
liquid N2 and stored at ¡80°C.

Arabidopsis thaliana wild type (Col-0) was grown in a
growth chamber at 22°C with 14 h light/10 h dark regime
for about 2 months, and the leaves and stems were collected
to serve as controls to validate the FT-IR and LC–MS
methods in examining the cell wall compositions.
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Induction of poplar tension wood

To induce poplar tension wood (TW), about 2-year-old
polar plantlets were transferred to growth chamber (at 22°C
with 14 h light/10 h dark regime). At the onset of cambium
growth at early spring (March 2008), the shoot around
internodes 9–15 were artiWcially bended into an arch for 3
weeks, and the developing secondary xylem from the upper
portion (TW) of the bent segments were collected. The seg-
ments of the internodes 9–15 of the adjacent shoots within
the same plantlet were collected as control. Three indepen-
dent treatments were conducted with diVerent plantlets.

Alkaline hydrolysis of cell wall and analysis of released 
wall-bound acylesters

The leaves and stems of black cottonwood and Arabidopsis
were ground into powder under liquid N2. The ground pow-
der of diVerent tissues were extracted sequentially with
70% ethanol at 75°C for 1 h three times, and then with
methanol:acetone (1:1) three times at room temperature.
Since caVeic acid normally does not present as a “wall-
bound” phenolic, it was mixed into the powdered tissues
serving as internal standard to monitor the eYciency of
removing soluble compounds and to determine cell-wall
composition free from soluble chemicals. The extract resi-
dues were thoroughly washed by acetone and then with
water, and vacuum-dried at 40°C. When the cell wall sam-
ples were prepared for FT-IR analysis, an amount of the
dried residues was Wrst extracted with 20 mM ammonium
oxalate at 70°C three times, then washed with water, and
the residuals were subsequently hydrolyzed with 2 N
NaOH at room temperature overnight. The insoluble frac-
tions at each step were subjected to FT-IR analysis. When
cell wall extracts were used for LC–MS characterization,
the dried ethanol-free cell wall fraction was directly taken
to alkali hydrolysis without ammonium oxalate treatment,
and 4-methoxycinnamic acid was added as internal stan-
dard. The hydrolysates were acidiWed with 6 N HCl to pH
3.0, and acetate contents of a portion of acidiWed hydroly-
sates were determined using the Acetic Acid Detecting Kit
(Megazyme, Co. Wicklow, Ireland) by following manufac-
turer’s procedures. QuantiWcation was based on the stan-
dard curve generated using the same batch of assay kit with
acetic acid standard. The remaining hydrolysates were
extracted with water-saturated ethyl acetate three times.
After pooling and drying ethyl acetate extracts, the residu-
als were redissolved in methanol and detected by LC–MS
for “wall-bound” phenolics.

The prepared sample was injected into a C18 reverse-
phase column (Gemini, 5 �m, 4.6 £ 250 mm, Phenomenex)
and resolved in 0.2% acetic acid (A) with an increasing
concentration gradient of acetonitrile containing 0.2%

acetic acid (B) for 0–5 min, 5%; 5–9 min, 17%; 9–10 min,
17%; 10–22 min, 21%; 22–40 min, 23%; and, 40–60 min,
50% at a constant rate of 1.0 ml/min. UV absorption was
monitored at 260-, 280-, 310-, and 510-nm with a multiple
wavelength photodiode array detector. The half amount of
HPLC Xuent was directly injected into a tandem linked LC/
MSD Trap XCT system equipped with an Electron Spay
Ionization source (Agilent technologies, Santa Clara, CA)
for MS analysis. The full range of total ion chromatogram
(50–1,000 m/z) was acquired under negative mode with
parameter setting of nebulizer 50 psi, dry gas 10 l/min, dry
temperature at 300°C and compound stability at 10%.

The MS spectra of each particular peak were extracted
for characterizing the resolved metabolites. QuantiWcation
of the identiWed “wall-bound” phenolics was based on the
detected area of UV absorbance. The areas of UV absorp-
tive peaks at 310 nm for the resolved p-coumarate and feru-
late were Wrst normalized with that of the internal standard,
then calibrated with the standard curves generated from
authentic p-coumarate and ferulate that resolved with the
same HPLC method under the same wavelengths. The
quantiWcation of the putative dehydroferulic/coumaric
dimers was based on the ferulate standard curve.

Synthesis of acetylated xylan

To synthesize the acetylated xylan standard for FT-IR
study, 1 g beech wood xylan (Sigma) as suspended in form-
amide at »20 mg/ml at 50°C for 1 h, then 20 ml pyridine
was added and carefully mixed. After cooling the mixture
down to the room temperature, 15 ml acetic anhydride was
added drop-wise into the mixture with gently shaking for 2
h allowing occurrence of the acetylation reaction. Subse-
quently, the reaction mixture was thoroughly dialyzed
against water at 4°C for 2 days to remove the unbounded
acetic residues. The Wnal concentration of the acetyl
attached on xylan polymer was determined using the Acetic
Acid Detecting Kit (Megazyme, Co.) The degree of acety-
lation of the xylose residues in the polymer is about 22%
(mol/mol).

FT-IR microspectroscopy

FT-IR microspectra were collected from the fresh leaf and/
or stem, and the insoluble fractions of black cottonwood
and Arabidopsis cell walls at each extraction step, as
described above. The ethanol extract-free residues and the
dried residues after alkaline treatment were rehydrated with
water. Approximately 1–2 �l of the resultant slurry was
pipetted onto a BaF2 microscope slide, allowed to dry, and
scanned with a Perkin Elmer Spectrum Spotlight IR micro-
scope (Waltham, MA) in “point” mode. The IR beam size
was set to 50 �m, and Wve spectra were collected from
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diVerent regions of each dried droplet. Spectra were col-
lected from 4,000 to 720 cm¡1 in transmission mode at 8
cm¡1 resolution and averaged to obtain the Wnal results.

Synchrotron infrared imaging

For synchrotron infrared imaging of the poplar stem sec-
tion, a piece, 1-cm long, was cut from the stem within the
Wrst Wve internodes and Xash-frozen in liquid nitrogen. The
specimen was mounted in Tissue-Tek freezing medium,
and sectioned with a cryomicrotome (Leica Microsystems,
Wetzlar, Germany) at ¡20°C. Sections (7 �m thick) were
placed on a BaF2 microscope slide and dried at room tem-
perature. IR images were collected using a Perkin Elmer
Spectrum Spotlight FTIR Imaging System (Waltham, MA)
operated in the “image” mode of the instruments using a
6.25 �m pixel resolution. The instruments was equipped
with a liquid nitrogen-cooled mercury cadmium telluride
(MCT-A) array detector, and an automated mapping stage.
For each tissue section, a light micrograph was obtained,
and the regions to be imaged with the IR microscope were
deWned. Infrared images were collected in transmission
mode by raster-scanning the sample through the IR beam
and collecting infrared absorbance spectra at each pixel.
For each pixel, an entire infrared spectrum is obtained from
4,000 to 720 cm¡1. Background spectra were gathered from
a clean region of the BaF2 slide. The spectral resolution was
8 cm¡1 and 16 scans were averaged for each spectrum.
From each FT-IR dataset, various spectra regions were inte-
grated to generate images of the distributions of diVerent
chemical components: aromatics (3,250 cm¡1), oils and
waxes (2,915 cm¡1), (acyl)ester groups (1,740 cm¡1), pro-
tein (1,650 cm¡1), lignin (1,510 cm¡1), and polysaccharides
(1,070 cm¡1).

Results

FT-IR analysis of wall-bound esters of poplar 
lignocelluloses

Poplar stems and leaves were sequentially extracted with
hot ethanol and acetone, and the extract-free residues then
hydrolyzed with alkali solution. These treatments generated
the collections of the total cell-wall fraction (ethanol
extract-free residues), non-cellulosic polysaccharides, pri-
marily hemicellulose fraction (alkali hydrolysate), and the
remaining cellulose–lignin complex fraction. Since pheno-
lic esters have been detected on the cell wall of Arabidopsis
previously (Franke et al. 2002), Arabidopsis rosette leaves
and stems were also treated in the same way as positive
control to validate the detection method. We subjected the
ethanol extract-free residues of poplar and Arabidopsis

leaves and stems to FT-IR spectroscopy before and after
alkaline treatment. All spectra from poplar and Arabidopsis
leaf and stem cell wall fractions showed numerous overlap-
ping absorption bands for polysaccharides between 800 and
1,200 cm¡1 (Marchessault and Liang 1962; Robert et al.
2005) (Fig. 1a, b), which are largely identical to those spec-
tra recorded from puriWed cellulose and hemicellulose stan-
dards (Fig. 1c). A major absorption band around 1,040–
1,070 cm¡1 with a shoulder at 985 cm¡1 might be assigned
to C–OH bending. The absorption band around 1,150 cm¡1

was assigned to glycosidic linkages, while the small band
around 890 cm¡1 was characteristic of �-(1–4) linkages
(Fig. 1) (Robert et al. 2005; Philippe et al. 2006). An
absorption peak around 1,510 cm¡1, representing aromatic
ring in lignin polymer, was present primarily in cell walls
of poplar stem. The absorption bands around 1,640 cm¡1

were overlapped with the amide I vibration, which may
derived from some proteins that remained in the ethanol-
treated residues, and the vibrations of uronic acid carboxyl-
ate and residual water, as well as the aromatic vibration in
the case of low lignin content samples (Kacuráková et al.
1999, 2000). Besides these characteristic bands, a strong IR
absorption band was observed at 1,740 cm¡1 in all of the
stem and leaf ethanol extract-free cell-wall samples before
alkaline hydrolysis (Fig. 1a1, a3, b5, b6), but was mostly
absent from the saponiWed samples (Fig. 1a2, a4, b7), in
which non-cellulosic polysaccharides and their substituents
had been removed (Fry 1986). The peak at 1,740 cm¡1 is
assigned to the characteristic feature of carboxylic-ester
bonding (C=O) (McCann et al. 2001; Robert et al. 2005).
To conWrm that this vibration reXects acylester bonding, we
chemically acetylated the �-(1-4)-D-xylan polymer from
beech wood; this acetylated xylan showed a strong identical
IR absorption at 1,740 cm¡1 (Fig. 1c), which was absent in
the pure �-(1-4)-D-xylan authentic standard (Fig. 1c). These
results suggest that considerable esteriWcation occurs on the
cell wall alkali-extractable polysaccharides of both poplar
and Arabidopsis, and alkaline treatment hydrolyzes those
esters from the cell wall.

In situ distribution of acylester compositions

The high spatial resolution of a synchrotron IR source
permits in situ mapping of chemical compositions in plant
tissues and cells (Miller and Dumas 2006). Cross-sections
(Fig. 2a, »7 �m thick) of the young stems of poplar (around
5th–9th nodes) were cut on a cryo-microtome and infrared
images were collected with an IR microscope in the trans-
mission mode by raster-scanning the sample through the IR
beam. By integrating speciWc spectral features (Fig. 2b), we
obtained the distributions of diVerent chemical composi-
tions. In poplar developing stem, most polysaccharides,
represented by C–OH bending at 1,740 cm¡1, were
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observed in the vascular xylem (woody tissue) (Fig. 2c),
consistent with their role in cell-wall building. In accor-
dance with polysaccharide allocation, a moderate level of

esters with characteristic IR absorption at 1,740 cm¡1 were
observed in the same tissues and exhibit a similar distribu-
tion pattern with that of polysaccharide, thereby highlight-
ing the co-localization of the cell-wall polysaccharide
components and the IR-detected esters in xylary tissues
(Fig. 2c). The newly developing stem exhibited a low level
of ligniWcation; a moderate level of lignin polymers accu-
mulated and was deposited among vascular tissues. In addi-
tion, large amounts of aromatics, oils, and waxes built up in
the epidermis and the cortex parenchyma cells, implying the
potential roles of these compounds in defense responses and
protecting plants from environment stresses. Aromatic com-
pounds and oils were also observed around cell wall of ves-
sel element, vascular Wber and ray parenchyma cells that
radiated in the xylem (Fig. 2c). During the formation of
wood in many trees species, diVerent metabolites, including
phenolics, are synthesized in sap wood cell and are depos-
ited in ligniWed vascular tissues for disease resistance and
imparting characteristic wood texture, color, etc., (Croteau
et al. 2000).

Tissue-speciWc and developmental accumulation 
of wall-bound” acylesters

To further characterize and quantify the acyl moieties
bound on the cell walls of poplar, the extractive-free cell
wall fractions of black cottonwood leaves and stems under
diVerent growth stages were treated with alkaline. After
acidifying alkali hydrolysates, aliquots of the extract were
taken to determine acetyl content; the remaining extract
was partitioned with organic solvent and analyzed by LC–
MS.

The high amount of “wall-bound” acetate that released
by saponiWcation was detected in the hydrolysates of both
poplar leaf and stem cell-wall fractions (Fig. 3). The levels
of those “wall-bound” acetyl molecules in diVerent devel-
opment stages of leaves and stems exhibit large variation.
The overall content of the “wall-bound” acetate was higher
in the stem than that in the leaf (Fig. 3). The developing
stem, representative of the nineth internodes, accumulated
about 270 �mol/g cell wall dry weight of acetate, which is
much higher than did the older parts of the stem (37th and
41st internodes) (Fig. 3).

Similar to that observed in monocot species, the “wall-
bound” phenolics resolved from alkali extracts of poplar
leaf and stem cell wall by LC–MS were predominantly
trans-p-coumarate and trans-ferulate (Fig. 4a–d). Two
major peaks in the UV proWles of leaf or stem extract
yielded the mass spectra with a predominant ion of 163.3
and 193.7 m/z, corresponding to the trans-p-coumarate and
trans-ferulate, respectively. In addition, their retention time
and UV-spectra are identical to the authentic standards
(data not shown). A chromatographic peak corresponding

Fig. 1 FT-IR microspectra of the cell wall components. a The averaged
FT-IR spectra of the cell walls of P. trichocarpa stems before (1) and
after (2) alkaline treatment, and of the leaves before (3) and after (4)
alkaline treatment. b The averaged FT-IR spectra of Arabidopsis fresh
leaves (5), the cell wall fractions of the leaves before (6) and after (7)
alkaline treatment. c The averaged FT-IR spectra of authentic cotton
cellulose, beech wood xylan and chemically acetylated xylan standards
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to cis-p-coumarate was also resolved in the proWles of cell
wall alkali hydrolysates of both poplar leaves and stems.
This product is probably due to the non-speciWc conversion
from trans-conWguration of the coumarate during saponiW-
cation treatment (Franke et al. 2002). In addition, trace
amount of p-hydroxybenzate (data not shown), vanillin,
and putative ferulic or p-coumaric dehydrodimers also were
detected (Fig. 4d).

Similar to acetate, the “wall-bound” ferulate ester was
mainly detected in the stem, whereas p-coumarate was pre-
dominant in the hydrolysate of the leaf cell wall (Figs. 4, 5).
In the cell wall of unexpanded juvenile leaves, the average
amount of p-coumarate reached up to 2.9 �mol/g cell wall
dry weight, and this amount was decreased in the mature
and senescent leaves (Figs. 4a, b, 5), whereas, the level of
ferulate remained constant in the cell walls of young and
old leaves and the average level of ferulate was about 8–10
times lower than that of p-coumarate (Figs. 4a, b, 5). How-
ever, in the stem the accumulation of ferulate clearly
increased with wood development, and the level of ferulate
accumulated in the wood changed from 0.4 �mol/g dry
weight in the internode 5 to 1.3 �mol/g dry weight in the
internodes 37 and 41; meanwhile, the putative dehydroferu-
lic/coumaric dimers also slightly increased from about 0.14
�mol/g dry weight of cell wall in the early developing stem
to about 0.3 �mol/g in the old stem; whereas, p-coumarate
largely declined from 0.8 to 0.15 �mol/g cell wall dry
weight (Figs. 4c, d, 5).

Accumulation of “wall-bound” acylesters in tension wood

The “wall-bound” acylesters of tension wood alkali hydrol-
ysates were also analyzed by LC–MS and colorimetric
assay. The compositions of the “wall-bound” phenolics in
the tension wood were much similar to those of the control
xylem tissues (data not shown), but the accumulated levels

Fig. 3 Acetylester content of alkaline hydrolysates of poplar leaves
and stems in diVerent growth stages. Juvenile leaves are those unex-
panded leaves attached on the node immediately under shoot apex; ma-
ture leaves are from developing stems (from 1 to »26 internodes); old
leaves are the leaves showing senescent symptom on the developed
stems. DW dry weight of cell wall
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Fig. 2 Infrared imaging of a cross-section of poplar stem. a Schematic
and light micrograph of transverse section of poplar young stem. The
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tion. The content was shown as heat-map. C cortex, P phloem, and X
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of those “wall-bound” acylesters were diVerentially
changed (Table 1). In the control tissues, the levels of the
“wall-bound” p-coumarate were about 413 nmol/g dry
weight of cell wall, and of ferulate were about 457 nmol/g
(Table 1), whereas, in the tension wood, both p-coumarate
and ferulate were obviously declined, and more than 30%
decrease was observed in the cell walls of the bending-
treated samples, compared to the controls. The total content
of the “wall-bound” acetate, however, remained unchanged
in the tension woods and the normal developing woods
(Table 1).

Discussion

Non-cellulosic polysaccharides and lignin polymers of
plant cell wall exhibit diVerent types of acylesteriWcations.
The predominant acylesters detected from alkali extract of

cell wall of black cottonwood (P. trichocarpa) are both
acetyl- and p-hydroxycinnamoyl-moieties (primarily p-
coumaroyl and feruloyl) (Figs. 3, 4, 5). Detection of acetyl
group in poplar cell wall non-cellulosic fraction is consis-
tent with the previous structural characterization of the
hemicelluloses present in wood species. Acetylated hemi-
celluloses were found both in softwood species, such as
spruce, and in hardwood species, such as aspen (Timell
1964, 1969; Teleman et al. 2000; Jacobs et al. 2002). The
major constituent of the hemicellulose of softwood is an O-
acetyl-(galacto)-glucomannan, with a minor proportion of
arabino-4-O-methylglucuronoxylan. In the case of hard-
wood, the predominant component of the hemicellulose is
an O-acetyl-(4-O-methylglucurono)-xylan, also called acet-
ylated 4-O-methylglucuronoxylan, together with small
amounts of glucomannan (Timell 1969; Teleman et al.
2000, 2003; Jacobs et al. 2002). Many xylose- or mannose-
residues in such hetero hemicellulosic backbones are modi-
Wed with the O-acetyl group at C-2 and/or C-3 positions.
Acetylation also was reported to occur on the primary cell
wall component pectin, e.g., homogalacturonan and
rhamnogalacturonan I in several crop species (Ishii 1997b).
The roles of the O-acetyl substituents in vivo is not fully

Fig. 5 The “wall-bound” p-coumarate, ferulate and the putative feru-
late/coumarate dehydrodimer content of alkali hydrolysates of poplar
leaves and stems in diVerent growth stages. DW dry weight of cell wall
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Table 1 Content of the “wall-bound” acylesters from alkali hydroly-
sate of poplar tension wood

The values represent the mean and standard deviation of three repli-
cates for phenolics and two replicates for acetate, and each replicate
with triplicate determinations

DW dry weight of cell wall

* The t test P value < 0.01

p-Coumarate* 
(nmol/g DW)

Ferulate* 
(nmol/g DW)

Acetate 
(�mol/g DW)

Control 413.2 § 48.7 457.2 § 58.7 203.5 § 13.4

Tension wood 293.2 § 39.1 289.6 § 98.9 197.0 § 11.3
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understood, but in vitro digestion experiments on the O-
acetylated xylan (Biely et al. 1986), xyloglucan oligosac-
charides (Pauly et al. 1999), homogalacturonan (Renard
and Jarvis 1999), and rhamnogalacturonan I (Kauppinen
et al. 1995) suggest that one of their functions might be the
involvement in the hindrance of enzymatic polysaccharide
breakdown. O-acetyl substituents also aVect the solubility
and gelation property of pectin (Pippen et al. 1950; Romb-
outs and Thibault 1986); partial hydrolysis of acetyl esters
in beet pectin leads to an improvement of the gelation prop-
erties (Williamson et al.1990), and deacetylation makes
pectin more soluble in water by decreasing the pectin back-
bone hydrophobicity. In addition, the degree of O-acetyla-
tion might be a structural factor for the development of cell
wall physical properties. The degree of O-acetylation can
change during growth and diVerentiation of plant tissue,
which was observed in sugar-beet calli (Liners et al. 1994).
Similarly, the content of acetylester of poplar’s non-cellu-
losic polysaccharides exhibits Xuctuations during the devel-
opment of leaf and stem (Fig. 3). The acetylesters detected
from the cell wall of black cottonwood represent the combi-
nation of both on pectin and hemicelluloses. During cell
wall biogenesis, the composition and architecture of the
wall sequentially change. The matrix polysaccharide of pri-
mary cell wall pectin eventually is replaced by hemicellu-
loses in the secondary cell wall; meanwhile, the phenolic
polymer lignin is deposited and integrated into the wall
matrix (Carpita and McCann 2000). The developmentally
changed acetylesteriWcation of cell wall suggests that O-
acetylation might be important for the macromolecular
organization, metabolism, and function of the cell wall
polysaccharides in vivo.

Compared to acetylester, the “wall-bound” phenolics
and their putative dehydrodimers in poplar display more
conspicuous tissue-speciWc accumulation and developmen-
tal changes. The accumulations of p-coumarate and ferulate
are clearly distinguishable, and the patterns are diametri-
cally opposite in the stems under normal growth condition
(Figs. 4, 5). These results implicate their potentially diVer-
ent functions in the cell-wall biogenesis and structural con-
struction. In the cell walls of grasses, the ferulate linked on
non-cellulosic polysaccharides is thought to be mainly
responsible for cross-linking polysaccharide–polysaccha-
ride or polysaccharide–lignin through peroxidase-catalyzed
dehydrodimerization (Ralph et al. 2004). The content of
ferulate and its putative dimers in poplar’s cell wall
increased gradually from developing stems to more
“woody” stems (Figs. 4c, d, 5), denoting that ferulate is
involved in constructing the poplar secondary cell wall, as
it is in the cell wall of grass. Previous studies demonstrated
that the level of p-coumarate in the cell wall of grass is less
than that of ferulate and it is incorporated into the wall
mainly through modifying monolignols (Ralph et al. 2004).

Unlike ferulate that serves as a cross-linker of polysaccha-
ride, p-coumarate likely acts as an ‘oxidation catalyst’
mediating radical transfer to promote the dehydrodimeriza-
tion of monolignol sinapyl alcohol during ligniWcation of
the cell wall of grasses (Ralph et al. 2004). Interestingly, in
poplar, p-coumarate was a predominant acyl component in
cell wall of juvenile leaf tissues and young stems (Fig. 4a,
c) and its level fell along the development of stems (Fig. 5).
Apparently, the cell walls of these young stem or leaf tis-
sues were less ligniWed (Fig. 2c) and the cells in such tis-
sues may contain principally primary cell wall. Together,
these data may suggest that the function of the p-coumarate
in cell wall of the dicot poplar might diVer from its pre-
dicted role in ligniWcations of secondary cell wall in grass.
p-Coumarate and ferulate may be both primarily involved
in modifying cell wall non-cellulosic polysaccharides, but
function distinctly in cell wall diVerentiation.

The accumulation of the “wall-bound” phenolics in the
induced tension wood was decreased while acetate
remains unchanged (Table 1). Tension wood is asymmet-
rically induced on the one side of the stem, in which it
generally accumulates more highly crystalline cellulose
microWbrils and a reduced amount of matrix carbohy-
drates and lignin (Timell 1969). During the formation of
tension wood in poplar, hemicellulose and lignin biosyn-
theses decreased (Andersson-Gunneras et al. 2006). As
two types of substituents to hemicellulose and lignin, the
“wall-bound” phenolics might decrease directly in respect
to the reduced deposition of those matrix biopolymers.
Alternatively, the induction of tension wood by altering a
series of biochemical processes may down-regulate the
enzymatic esteriWcation of phenolics to the cell wall
matrix components. During the decline of the “wall-
bound” phenolics, the level of the wall-associated acetate
in tension wood remains generally constant. Considering
the reduction of cell wall matrix biopolymers in the reac-
tive tension wood tissues, maintaining the constant level
of acetate implicates a potential induction of the acetyl-
esteriWcation to the hemicellulose and/or lignin by the
bending treatment.

Finally, in current study we explored the application of
FT-IR and synchrotron IR spectroscopic imaging tech-
niques in detecting and anatomically localizing cell wall
compositions, primarily the (acyl)ester compositions in
poplar tissues. With the characteristic infrared absorptions
of many functional groups of cell wall compositions (McC-
ann et al. 2001; Mouille et al. 2003), synchrotron IR spec-
troscopic imaging might be a valuable tool in examining
the spatial distribution of cell wall components. Those tech-
niques could be further applied into the rapidly anatomi-
cally screening cell wall mutant plants or dissecting the
altered cell wall compositions of transgenic plants in cellu-
lar/subcellular level.
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