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In stems of woody angiosperms responding to mechanical stress, imposed for instance by tilting the stem
or formation of a branch, tension wood (TW) forms above the affected part, while anatomically distinct
opposite wood (OW) forms below it. In poplar TW the S3 layer of the secondary walls is substituted by a
‘‘gelatinous layer” that is almost entirely composed of cellulose and has much lower hemicellulose con-
tents than unstressed wood. However, changes in xylan contents (the predominant hemicelluloses), their
interactions with other wall components and the mechanisms involved in TW formation have been little
studied. Therefore, in the study reported here we determined the structure and distribution of xylans,
cloned the genes encoding the xylan remodeling enzymes b-xylosidases (PtaBXLi), and examined their
expression patterns during tension wood, normal wood and opposite wood xylogenesis in poplar. We
confirm that poplar wood xylans are substituted solely by 4-O-methylglucuronic acid in both TW and
OW. However, although glucuronoxylans are strongly represented in both primary and secondary layers
of OW, no 4-O-methylGlcA xylan was found in G-layers of TW. Four full-length BXL cDNAs encoding puta-
tive b-xylosidases were cloned. One, PtaBXL1, for which xylosidase activity was confirmed by heterolo-
gous expression in Escherichia coli, exhibited a wood-specific expression pattern in TW. In conclusion,
xylan as PtaBXL1, encoding b4-xylosidase activity, are down-regulated in TW.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Wood may appear to be a simple material, but its structure is
quite complex. It consists largely of vessel elements and xylem
fibers, with walls composed of three types of organic polymers:
cellulose, hemicelluloses and lignin (Larson, 1994; Mellerowicz
et al., 2001). In addition to endogenous developmental programs,
a number of environmental factors, notably wind and asymmetric
growth, may induce de novo wood formation. In poplar trees, ten-
sion wood (TW) appears at the upper face of inclined stems or
branches (Timell, 1969), characterized by reduced proportions of
vessel elements, and it is often formed more quickly than normal
wood. In addition, a thick layer, named the gelatinous layer or
G-layer is characteristically deposited in the secondary cell walls
of TW. The principal characteristics of the secondary wall of gelat-
inous fiber cells are: (i) high cellulose contents (Roland et al.,
1995); (ii) small amounts of phenolics, mainly G units (Joseleau
ll rights reserved.

d; OW, opposite wood; NW,

: +33 555 45 77 65.
et al., 2004) and (iii) cellulose microfibrils oriented largely parallel
to the longitudinal axis of the cell (Wang et al., 2001). While the
two main types of polymers, cellulose and lignin, have been inten-
sively studied, little is known about the hemicelluloses, which pro-
vide a polysaccharidic matrix, forming links between each other
and with cellulose microfibrils. The three major hemicellulosic
components of wood are xyloglucans, glucomannans and xylans
(Costa et al., 2002). Xyloglucans are hetero-polymers with repeated
structures of different monosaccharides. The units identified to
date are a heptasaccharide and a nonasaccharide; the first com-
posed of four residues of b(1,4)-Glc and three terminal Xyl (XXXG)
residues, linked to a main glucose chain by a(1,6) links (Edelmann
and Fry, 1992), while the nonasaccharide consists of the heptasac-
charide plus a Fuc residue a(1,2)-linked to Gal with a b(1,2) linkage
to Xyl (XXFG). Glucomannans consist of chains of b(1,4)-Glc and
b(1,4)-Man without any regularity in their sequences. Those that
contain a single Gal residue in the side chains in a proportion sim-
ilar to that of Glc are called galactoglucomannans.

Xylans are the major component of hemicelluloses in secondary
cell walls, and thus in wood tissue (Kulkarni et al., 1999). They con-
tain a main chain composed of Xyl residues linked by b(1,4) link-
ages. In woody plants xylose is substituted by units of a(1,2)
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Table 1
Sugar composition (mol%) of xylan-rich pools of the 4M KOH extracts from 2-year-old
poplar trees. NW refers to wood from trees grown without tension for 2 years. For TW
and OW, plants were grown for 1 year without tension followed by 1 year under
tension. Sugars were trimethylsilylated before separation by GC.

Sugar KOH extract (mol%)

NW TW OW

Rha 1.5 1 1.1
Fuc 0.2 _ _
Ara 0.8 _ 0.6
Xyl 83.9 92.9 90.5
Man 0.4 _ 0.3
Glc 0.5 0.9 0.6
Gal 0.9 _ 0.7
GalA _ 1.3 1.3
GlcA _ _ _
4-O-methylGlcA 12.2 4 4.9
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glucuronic acid or methylglucuronic acid, and the resulting poly-
mers are known as glucuronoxylans (GX) (Aspinall, 1980; Ebrin-
gerova and Heinze, 2000). In birch (Betula verrucosa) and spruce
(Picea abies) wood, xylan contains another sugar, e.g. a(1,2) galact-
uronic acid or a(1,3) rhamnose, forming xylo-oligosaccharides at
their reducing ends (Shimizu et al., 1976; Johansson and Samuel-
son, 1977; Andersson et al., 1983). In various hardwood trees,
e.g., aspen, beech and birch, some of the hemicellulose fraction
consists of O-acetyl-(4-O-methyl-glucurono)xylan (Timell, 1969),
in which the b(1, 4)-linked D-xylopyranosyl backbone is substi-
tuted with an a(1,2)-linked 4-O-methyl-D-glucuronic acid at
approximately one in ten of the xylopyranosyl residues, which
are also partially acetylated (Timell, 1969). The degree of acetyla-
tion in native aspen glucuronoxylan has been reported to be be-
tween 0.6 and 0.7 (Khan et al., 1990; Teleman et al., 2000). The
function of acetylation in native glucuronoxylan is not clear and
its effects on the wood’s material properties are not well docu-
mented. However, the acetyl groups play a major role in the orga-
nization of lignified cell walls since they can cross-link with lignin
(Hatfield et al., 1999) and interact with cellulose (Awano et al.,
2002).

Our understanding of xylan biosynthesis and subsequent mod-
ification is still very incomplete, although the processes are known
to involve numerous glycosyltransferases (Costa et al., 2002; Por-
chia et al., 2002; Lee et al., 2007a,b; Pena et al., 2007) and glycosyl-
hydrolases (Coughlan and Hazlewood, 1993; Cosgrove, 1997;
Prade, 1996; Kulkarni et al., 1999; Zeng et al., 2008). Notably: the
partial purification of a xylan arabinosyltransferase from wheat
has been reported (Porchia et al., 2002); a glycosyltransferase from
Arabidopsis, IRX9, has been demonstrated to be required for nor-
mal xylan xylosyltransferase activity and normal elongation of
the xylan chain (Pena et al., 2007); and three other glycosyltrans-
ferases from Arabidopsis – FRA8 (Zhong et al., 2005; Zhou et al.,
2006), IRX8 (Persson et al., 2007; Pena et al., 2007) and PARVUS
(Lee et al., 2007b) – have been shown to be required for the biosyn-
thesis of the tetrasaccharide primer sequence (b-D-Xyl-(1,4)- b-D-
Xyl-(1,3)-a-L-Rha(1,2)-a-D-GalA-(1,4)-D-Xyl) at the reducing end
of glucuronoxylans.

It is also known that xylans may be hydrolyzed during plant cell
wall maturation (Rahman et al., 2003; Tuncer and Ball, 2003), and
several enzymes, including b(1,4)-endoxylanase, b-D-xylosidase, a-
L-arabinofuranosidase, a-D-glucuronidase, acetylxylan esterase,
and phenolic acid esterase have implicated roles in xylem remod-
eling (Sunna and Antranikian, 1997). Endo-b(1,4)-xylanases hydro-
lyze the insoluble xylan backbone into soluble xylo-
oligosaccharides, while b-D-xylosidases hydrolyze xylo-oligosac-
charides and xylobioses from their non-reducing ends (Sunna
and Antranikian, 1997). Endoxylanases have been identified in sev-
eral higher plants (Slade et al., 1989; Banik et al., 1997; Caspers
et al., 2001; Suzuki et al., 2002), while b-D-xylosidases from a vari-
ety of bacteria, fungi (Sunna and Antranikian, 1997) and even
plants (Chinen et al., 1982; O’Neill et al., 1989; Tezuka et al.,
1993; Cleemput et al., 1997) have been purified and partially char-
acterized. Seven genes encoding putative b-D-xylosidases have also
been isolated from Arabidopsis thaliana recently (Goujon et al.,
2003; Minic et al., 2004). Two of these genes, AtBXL1 and (to a les-
ser extent) AtBXL4, are reportedly specifically expressed in second-
ary cell wall tissue (Goujon et al., 2003). The cited authors suggest
that the secondary wall is susceptible to loosening, like the pri-
mary wall, but b-xylosidases acting on xylans are the mediators
of this adaptive cell wall process. Xylosidase could be involved in
the organization and loosening of glucuronoxylans in the cell wall,
thereby facilitating lignin polymerization in the polysaccharide
matrix (Goujon et al., 2003).

Prompted by the studies of Goujon et al. (2003), we have inves-
tigated enzymes with b-D-xylosidase activity in poplar TW and
OW. The main objectives of our work were to assess the hypothe-
ses that wood formation is associated with the expression of spe-
cific b-D-xylosidases, that TW and/or OW formation is correlated
with up- or down-regulation of wood-specific b-D-xylosidases
and (if so) obtain data on the expression patterns of the enzymes
in the secondary cell wall that could provide new insights into
the roles of xylan remodeling and/or recycling during secondary
cell wall maturation.

2. Results

2.1. Purification and characterization of poplar xylans

The molecular composition of xylans purified from normal
(NW), tension and opposite wood obtained from two-year-old
poplar plants was analyzed by gas chromatography (GC) and mass
spectrometry, and the results are summarized in Table 1. The sugar
content of the purified fraction from the NW (1.5 g of sugar from
10 g of DW wood) consisted mainly of Xyl residues (84 mol%),
4-O-methylGlcA (12 mol%) and trace amounts of other monosac-
charides. The oligosaccharide mass spectra acquired confirm that
poplar wood xylans are hetero-polymers of 4-O-methyl-glucuron-
oxylan (Fig. 1A and B). The corresponding TW and OW extracts
contained even higher proportions of xylan (92.9 and 90.5%,
respectively) and no significant differences in sugar composition
were observed between them (Table 1). The amount of xylan in
TW (463 mg of sugar from 10 g of DW wood) is lower than in
OW (731 mg of sugar from 10 g of DW wood). The level of branch-
ing with 4-O-methylGlcA was substantially lower in the samples of
both TW and OW than in the NW samples.

2.2. Immunocytolocalization of the xylan epitopes in poplar stem
tissues

AX1 antibodies raised against arabinoxylans (which recognize
glucuronoxylans as well as arabinoxylans; Guillon et al., 2004)
were used to localize xylans in TW and OW of stem sections col-
lected from artificially tilted poplar trees. Strong labeling of the
secondary cell walls of fibers, vessels and ray cells was observed
(see light micrographs in Fig. 2A) in both TW and OW. The G-layer
of the tension wood fibers was not labeled across the TW induction
periods. No significant labeling was observed in control sections
treated solely with the secondary antibody, confirming the speci-
ficity of the immunogold labeling. The labeling pattern in OW
was similar to that observed in normal wood (data not shown).

Transmission electron microscopic observations confirmed that
the labeling was strongest in the secondary cell wall layers, and no
labeling was detected in the G-layer of tension wood fibers



Fig. 2. (A) Light micrographs of opposite wood (OW) and tension wood (TW) labeled with and without monoclonal arabinoxylan antibodies (AX1). (B) Electron micrographs
of wood secondary cell wall fibers from TW and OW labeled with AX1. PW, primary cell wall; SW, secondary cell wall; G, gelatinous layer.

Fig. 1. Mass spectra of low molecular weight (A) and high molecular weight (B) xylan oligosaccharides separated by BioGel P4 chromatography after auto-hydrolysis of KOH
extracts.
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(Fig. 2B). Interestingly, in tension wood fibers, which have thinner
S2 layers than opposite wood, the AX1 labeling seemed to be con-
centrated at the interface between the S2 and G-layers. In contrast,
the S2 layers from opposite wood fibers, which are thicker, exhib-
ited uniform labeling. In both opposite and tension wood the pri-
mary cell wall and cell corner middle lamellae were also labeled,
but to a lesser extent (data not shown).
2.3. Identification of poplar b-xylosidase-like genes (PtaBXLi)

Four poplar genes with high homology to genes known to en-
code b-xylosidases were isolated, and designated PtaBXL1 2, 3
and 4. Three were isolated from four wood EST libraries (Déjardin
et al., 2004) – three containing sequences obtained from develop-
ing xylem (DX) samples (PTA-JXO0011, PTA-JXO1, and PTA-



Fig. 3. Southern blot of poplar DNA digested with EcoR1, BamH1 and Dra1
hybridized with a partial 50-end PtaBXL1-specific probe.
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JXT0013) and one of sequences from the cambial zone (CZ) (PTA-
C0010) – while the other was cloned by a bio-informatic approach
(http://genome.jgi-psf.org/). Whole poplar genome scanning dem-
onstrated that their is only four distinct genes encoding putative b-
xyloisdase enzyme while seven genes have been isolated from A.
thaliana (Goujon et al., 2003). Three of them (PtaBXL1, 2 and 3)
were subjected to RACE–PCR to determine corresponding full-
length cDNAs (Table 2). The gene PtaBXL1 is polyexonic, present
in a single copy (BamH1 cutting) as shown in Fig. 3, and encodes
a protein of 732 amino acids (MW 80.2 kDA, pI 8.64), with two pre-
dicted N-glycosylation sites (Fig. 4, Table 2). The other three genes
(PtaBXL2, 3 and 4) encode proteins of 704, 757, and 704 amino
acids (MW 75.8, 81.5 and 77.2; pI 5.19, 6.03 and 7.89, respectively),
each harboring two to four potential N-glycosylation sites.
PtaBXL1, 2 and 3 all have a predicted signal peptide at their N-ter-
mini, suggesting they have extra-cellular locations. PtaBXL4 was
found to be targeted to the plasma membrane (Table 2). All the
PtaBXLi proteins possess two consensus conserved domains corre-
sponding to domains of the glucosyl-hydrolase three family
(CAZy). A phylogenetic tree predicted from multiple alignment of
translated peptidic sequences of PtaBXLi (PtaBXL1: AM117813;
PtaBXL2 AM183258; PtaBXL3 AM183259 and PtaBXL4:
AM183260) and AtBXLi (AtBXL1: BAB09906; AtBXL2: AAG10624;
AtBXL3: BAB09531; AtBXL4: BAB11424, AtBXL5: BAB02547,
AtBXL6: T49983 and AtBXL7: AAF17692) genes was generated
(Fig. 5). PtaBXL1 and PtaBXL4 seem to be orthologous to AtBXL2
and AtBXL7, respectively. According to Fitch’s definition (Fitch,
1970), poplar PtaBXL2 and PtaBXL3 are paralogous, and ortholo-
gous to the A. thaliana paralogs AtBXL3 and AtBXL4.

2.4. Heterologous activity of poplar PtaBXL1

PtaBXL1 cDNA was cloned into the pBAD expression vector
(pBADPtaBXL1), and the resulting construct was expressed in Esch-
erichia coli. The recombinant protein, present in inclusion bodies,
having a b-xylosidase activity was assayed in vitro with and with-
out the artificial substrates pNPXyl, and pNPGlc, and with and
without poplar xylan, birch xylan, and tamarin xyloglucan (nega-
tive control) oligosaccharides as substrates (Table 3). The recombi-
nant E. coli enzyme PtaBXL1 hydrolyzed only substrates containing
(1,4)-linked b-xylosyl residues. Thus, it appears to be a b-(1,4)
xylosidase. In addition it hydrolyzed pNPXyl less efficiently than
xylan oligosaccharides, suggesting that it is an exo-xylosidase that
is most active towards polyxylosilated molecules.

2.5. Differential expression of poplar PtaBXL1

Northern blot analysis using total RNA from aspen developing
xylem, cambium, leaves, roots and flower samples hybridized with
BXL1, BXL2, BXL3 and BXL4 probes indicated that PtaBXL1 is ex-
pressed specifically in the secondary-wall-enriched cambium and
xylem (Fig. 6A, lanes 1 and 2), but not in the other examined or-
Table 2
Comparison of poplar genes encoding b(1,4)-xylosidase, the deduced proteins they encod
cellular locations (predicted by SignalP and WoLF PSORT) and the number of N-glycosylat

PtaBXL1 Pta

AC number AM117813 AM
Gene length (bp) 3949 42
ORF length (bp) 2199 21
Exon number 7 7
Protein length (aa) 732 70
N-glycosylation site (NetNGlyc) 123N, 155N 87N
Sub-cellular location (WoLF PSORT) Extra-cellular Ex
Peptide signal (SignalP) 21<SKA-LD>25 33
gans, while the other three b-xylosidases – encoded by PtaBXL2,
PtaBXL3 and PtaBXL4 – are not transcribed in xylem and cambium,
but only in leaves, roots and flowers (Fig. 6A, lane 3, 4 and 5).
PtaBXL2 and PtaBXL3 are expressed more strongly in leaves and
roots than in flowers. Moreover, PtaBXL3 seems to be more strongly
transcribed than PtaBXL2, and PtaBXL4 is the most weakly ex-
pressed poplar b-xylosidase. In order to substantiate these results,
RT-PCR and RT-qPCR were conducted using PtaBXLi-specific prim-
ers and total RNA extracted from secondary-wall-enriched devel-
oping xylem as from leaves and roots tissues. A single band of
163 bp (Fig. 6B) was amplified from wood tissue samples, while
no amplification products were obtained from leaf and root sam-
ples (Fig. 6C). In addition, cambium samples yielded an RT-PCR
as RT-qPCR, product with weaker intensity than xylem samples,
suggesting that PtaBXL1 is most strongly expressed during second-
e, corresponding ORF lengths, numbers of exons, sizes of the proteins and their sub-
ion sites predicted by NetNGlyc.

BXL2 PtaBXL3 PtaBXL4

183258 AM183259 AM183260
13 4667 10,435
15 2274 2115

7 7
4 757 704
, 328N 456N 365N, 509N 110N, 263N, 374N, 396N

tra-cellular Extra-cellular Plasma membrane
<VSA-QS>38 33<VSA-QS>38 –

http://genome.jgi-psf.org/


Fig. 4. Peptic sequence of PtaBXL1. The signal peptide in bold, N- and C-glycosylhydrolase three domains are underlined and N-glycosylation sites are marked with arrows.

Fig. 5. Phylogenetic tree generated by the neighbor-joining method from an alignment of whole peptidic sequences deduced from seven Arabidopsis thaliana (AtBXL1,
BAB09906; AtBXL2, AAG10624; AtBXL3, BAB09531; AtBXL4, BAB11424, AtBXL5, BAB02547, AtBXL6, T49983 and AtBXL7, AAF17692) and four poplar (PtaBXL1, AM117813;
PtaBXL2, AM183258; PtaBXL3, AM183259 and PtaBXL4, AM183260) genes encoding b(1,4)-xylosidases. Numbers represent bootstrap support for relationships derived from
DNA analyses.
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Table 3
Specific activity of non-recombinant (pBAD) and recombinant PtaBXL1 from poplar
(pBADPtaBXL1) expressed in E. coli towards different substrates.

Substrate Specific activity (nkat ml�1)

pBADPtaBXL1 pBAD

pNP-b-D-Xylopyranosidea 9.2 0.94
pNP-b-D-Glucopyranosidea 0.56 0.48
Xylan from poplar woodb 19.4 0.21
Xylan from birch woodb 15.9 0.53
Xyloglucan from tamarinb 0.71 0.32

a pNP release from pNP-b-D-xylopyranoside or pNP-b-D-glucopyranoside was
determined spectrophotometrically at 405 nm.

b Xyl releases from oligosaccharides were determined using a HPEAC system as
described in Section 4. Activities were assayed in triplicate with 50 lg samples of
proteins, and specific activities were expressed in katal, as the amount of enzyme
needed to produce 1 mol of reducing sugar per second.
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ary cell wall formation. The data also indicate that PtaBXL1 is more
weakly expressed in TW cambium than in OW cambium, although
Fig. 6. (A) Northern blots of total RNA extracts from poplar clone 717-1B4 tissues
(lanes 1–5: xylem, cambium, leaf, root and flower, respectively) probed with
specific cDNAs corresponding to partial sequences of PtaBXL1, PtaBXL2, PtaBXL3 and
PtaBXL4. Ethidium bromide (rRNA) staining of RNA samples showing equal loading.
(B) RT-PCR and (C) RT-qPCR analysis of PtaBXL1 expression in opposite (OW) and
tension wood (TW) from cambium and differentiated xylem and from leaf and root
tissues. Total RNA was extracted from duplicate samples obtained from three
different trees. Relative expression levels were calculated and the poplar 18S rRNA
housekeeping gene was used as reference gene.
it is expressed at similar levels in TW and OW xylem (Fig. 6B and
C). The internal control reaction yielded products of similar inten-
sity and size, confirming that similar starting amounts of RNA were
used in the RT-PCR and RT-qPCR experiments (Fig. 6B and C).
3. Discussion

Wood is essentially a mixture of fibers and vessel cells, both of
which have secondary cell walls that are rich in cellulose and lignin
(Mellerowicz et al., 2001; Besombes and Mazeau, 2005a,b; Pilate
et al., 2004). In addition, they have hemicellulose components,
which account for approximately 22% of the dry weight of normal
poplar wood (Puls and Schuseil, 1993; Sun et al., 2001) and play
important but poorly understood roles in the walls. We hypothe-
sized that xylans – which have been described as being amongst
the most important and abundant hemicellulosic polysaccharides
(Puls and Schuseil, 1993; Kulkarni et al., 1999; Sun et al., 2001) –
are extensively remodeled in secondary walls during certain wood
formation processes, notably the formation of tension wood.

To assess the validity and implications of this hypothesis, we
first characterized xylans in wood from our poplar model clone
(INRA 717-1B4). We found that glucuronoxylans represent more
than 92% of the hemicellulosic fraction, and the other 8% consists
of glucomannans (3–6%) with, probably, a small proportion of xylo-
glucans (although it should be noted that solvents with a high con-
centration of alkali, such as the one used in our extraction protocol,
generally extract xylans and glucomannans more efficiently than
xyloglucans, which can interact more strongly with cellulose fibers
and pectins). We also confirmed unambiguously that poplar wood
is rich in 4-O-methyl-glucuronoxylan. In addition, GC and mass
spectrometric analysis showed that the xylans in OW and TW have
quite similar structures to those in normal wood. However, the xy-
lan contents of NW, TW and OW differ significantly. Moreover,
amounts of sugars appear to be lower in TW than in OW.

Assuming that the proportions of xylans and their branching
levels may be positively correlated with the frequencies of cellu-
lose cross-links (Suzuki et al., 2002; Zeng et al., 2008), their abun-
dance in OW suggests that there is strong polymeric cohesion in
this type of wood. In an attempt to find evidence of cross-linkage
between xylans and lignin, we examined contributions from feru-
lics in the mass spectra obtained from our extracts, but found no
support for the hypothesis proposed by Grabber et al. (2000,
2002) that ferulated xylans are able to bind to lignin (data not
shown). Xylan acetylation is also known to increase frequencies
of linkage between polysaccharides (Puls and Schuseil, 1993; Sun
et al., 2001). However, the xylan extraction procedure with KOH
we applied prevented us from quantifying the rates of their acety-
lation. Nevertheless, although we found no evidence for xylan link-
age, we demonstrated that methyl-glucuronoxylans are abundant
in the secondary cell walls of OW. We also showed that TW xylans
are only located at the interface between the S2 and the G-layer,
and not in the G-layer. Thus, the cell wall in the G-layer probably
has low degrees of polysaccharide linkage, and hence low levels
of cohesion and strength.

Remodeling of xylans during secondary cell wall formation im-
plies the intervention of both xylan synthases – which have been
studied as possible mediators of xylan maturation during second-
ary wall formation in French bean (Gregory et al., 2002; Zhou
et al., 2007; Zeng et al., 2008) – and xylan hydrolases, which may
modify nascent and/or embedded polysaccharides of the cell wall.
Here we provide evidence of the involvement of b(1,4)-xylosidases
(1,4-beta-D-xylan xylosylhydrolase EC 3.2.1.37), which are known
to release D-xylopyranose from the non-reducing ends of the main
chains of xylans. A large number of b(1,4)-xylosidases have been
identified, but most of them originate from saprophytic bacteria
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and fungi (Simpson et al., 2003). We found four b(1,4)-xylosidases
in the poplar genome, cloned them and named them PtaBXL1
(AM117813), PtaBXL2 (AM183258), PtaBXL3 (AM183259) and
PtaBXL4 (AM183260), which have high levels of homology to four
of the seven A. thaliana b(1,4)-xylosidases previously described
by Goujon et al. (2003) and Minic et al. (2004). PtaBXLi open read-
ing frames have a similar size to those of all known plant b(1,4)-
xylosidases (�2100 bp). All deduced proteins are addressed to
the plasma membrane or the cell wall, and they all have at least
at two sites for N-glycosylation. These findings are consistent with
their putative extra-cellular location. The deduced amino acid se-
quences of all poplar genes (PtaBXLi) have been classified in the
glycoside hydrolase family three (Henrissat, 1998). Arabidopsis,
and barley b-D-xylosidases are grouped in this family, and share
bi-functional activities, as both b-D-xylosidases and a-L-arabino-
furanosidases (Lee et al., 2003; Minic et al., 2004). Poplar xylans
are free of arabinofuranosyl residues, unlike the great majority of
xylans found in herbaceous plants, so we did not investigate
whether or not the poplar b-D-xylosidases have a-L-arabinofura-
nosidase activity and we cannot therefore exclude the possibility
that they may have such activity.

After characterizing the genes encoding b(1,4)-xylosidases from
poplar, we investigated their expression patterns in various plant
tissues, with a particular focus on wood-forming cells. We found
that only one (PtaBXL1) of the four poplar genes is specifically ex-
pressed in mature xylem. Moreover, blast analysis of PtaBXL1
against nucleotide sequences from the Populus database (http://
poppel.fysbot.umu.se) yielded good matches with three ESTs
(A013P03; G086P11; G098P85) that were previously isolated from
tension wood libraries. Interestingly, ESTs corresponding to
PtaBXL1 (Pta-JXO0011) have also been isolated from the poplar
717-1B4 tension wood library. During TW formation, PtaBXL1
mRNAs are down-regulated in cambial zones whereas no differen-
tially expression was detected in differentiating xylem.

Our data demonstrate that PtaBXL1 encodes a wood-specific
b(1,4)-xylosidase that is down-regulated during TW formation. In
our model clone, 4-O-methyl-glucuronoxylan is strongly accumu-
lated in OW and non-detectable in G-layer. Since the G-layer is
implicated in stem bending, we hypothesize that OW is stronger
than TW. Thus, the low amount of xylan in TW is probably corre-
lated with its low strength, especially in the G-layer. Further, since
xylans are probably heavily involved in interactions with lignins,
the low amounts of lignin in the primary cell wall and between
the S2 and G-layer of TW (Joseleau et al., 2004) may be causally
correlated with the low amounts of xylans in these parts of the
wood (present study). This would also reduce the strength of the
secondary cell walls in TW, and enhance their capacity to deform,
thereby facilitating stem bending. The presence of b-xylosidase
would not be required for this process because of the low amounts
of xylan and high plasticity of these cells.

In contrast, both xylans and lignin are abundant in the second-
ary cell walls of OW (Pilate et al., 2004). Hence, there are high pos-
sibilities for molecular interactions, cell wall cohesion should be
strong, and the capacity for cell wall deformation weak in OW. Dy-
namic growth, during stem bending, implies continuous rearrange-
ment of all the polymers. However, since cellulose and lignin
cannot be readily modified, hemicellulosic components and their
interactions with the two major polymers could play major roles
during this process. It has been suggested that the length, and
more probably the substitution level of glucuronoxylans, affect
the degree of cross-linking with the lignin polymers (Lawako
et al., 2005). Hence, modification of the network may change the
woody properties of the secondary xylem and remodeling en-
zymes, such as b-xylosidases could reorganize the xylan cross-link-
ages with all the other polymers. If so, b-xylosidase may be
essential for maintaining the plasticity of the cell wall during stem
bending. However, other enzymes could also be involved in this
remodeling process. For example, Zeng et al. (2008) have suggested
that XETs act not only on xyloglucan but also probably on glucuro-
noarabinoxylan. Thus, the possible roles of XETs during the forma-
tion of tension wood also warrant attention.
4. Experimental

4.1. Plant material

Poplar trees of clone INRA 717-1B4 (Populus tremula � P. alba,
section Populus) generated from micro-propagated shoots were
transferred to a greenhouse, potted in compost (3 l) and individu-
ally supplied with water and fertilizers by a drip system. Shoots
were artificially bent by tilting the pots at 45� from the vertical
using a rigid sticks. Two months later, stems were harvested and
samples from the cambial zone and differentiating xylem were col-
lected from both the upper and lower sides of the stem, corre-
sponding to tension wood (TW) and opposite wood (OW),
respectively (Lafarguette et al., 2004). Normal wood (NW) plant re-
fers to wood from other side identically treated plants were not
tilted. The samples were then frozen in liquid nitrogen, stored at
�80 �C and lyophilized before use.

4.2. Xylan extraction and characterization

Cell walls were obtained from the NW, TW and OW poplar
wood samples then soluble sugars, pectins and hemicellulosic
were sequentially extracted from them, as described by Moine
et al. (2007). Lignins were removed from the acid-extracted resi-
dues by incubating them twice in acidic sodium chlorite (1.4 M)
solution, pH 4, at 80 �C for 1 h and the recovered material was dia-
lyzed against water. Xylans were partially purified from the hemi-
cellulosic fraction by extraction with 4M KOH solution containing
3 mg ml�1 NaBH4. Total carbohydrates were measured by the phe-
nol sulfuric acid method (Dubois et al., 1956), and monosaccha-
rides were determined after methanolysis (MeOH/HCl 0.5 N, 24 h,
80 �C) by gas–liquid chromatographic analysis of pertrimethylsily-
lated methylglycosides following the procedures of Kamerling
et al. (1975), as modified by Montreuil et al. (1986).

Xylan rich-fractions from the samples were autohydrolyzed by
incubation in distilled water for 40 h at 100 �C, as described by
Cianca and Cerezo (1993). Oligosaccharides were then separated
using a 10 � 480 mm BioGel P4 with water as the eluant and ana-
lyzed using a ZMD mass spectrometer (Micromass, UK) operating
with the following settings: nebulization gas, 400 ml l�1; ioniza-
tion mode, electrospray positive ion; cone voltage, 30 V; acquisi-
tion time, 0.1 s per spray; inter spray delay, 0.05 s; acquisition
mass range was from m/z 50 to 2000 uam.

4.3. DNA extraction and Southern blotting

Genomic DNA was extracted from 100 mg samples of leaves of
plants cultured in vitro using a QIAGEN DNeasy plant mini kit�

according to the manufacturer’s instructions. The concentration
and quality of the DNA in the samples were determined by nano-
spectrometry (NanoDrop ND1000, Labtech) following the manu-
facturer’s recommendations.

Three lg of total genomic DNA were digested with one unit
each of Dra1, EcoR1 and BamH1, separated on 0.8% (w/v) agarose
gel in 0.5x Tris-borate buffer and transferred to a positively-
charged Hybond-XL nylon membrane (Amersham Biosciences,
UK) by passive blotting with 0.4 M NaOH. The immobilized DNA
was then hybridized at 42 �C in a buffer containing 5 � SSC, 50%
(v/v) deionized formamide, 50 mM sodium phosphate buffer (pH
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7.0), 7.0% (w/v) SDS, 0.1% (w/v) N-lauryl sarcosine, 2.0% (w/v)
blocking reagent (Roche, Germany) and a 163 bp digoxigenin
(DIG)-labeled probe corresponding to a partial sequence of Ptabxl1,
prepared by PCR amplification with SBXL1_fw and SBXL1_rv prim-
ers (Table 4). The hybridized membrane was washed with 2 � SSC
and 0.1% (w/v) SDS for 20 min at room temperature and subse-
quently with 0.2 � SSC and 0.1% (w/v) SDS for 15 min at 65 �C.
Chemiluminescent signals were detected on X-ray film (Lumi-film
chemiluminescent Detection Film, Roche molecular) following the
manufacturer’s instructions.

4.4. RNA extraction, northern blotting and semi-quantitative reverse
transcription-polymerase chain reaction (RT-PCR) analysis

The frozen wood material was ground to a fine powder in liquid
nitrogen, and total RNA was extracted from 250 mg (fresh weight)
samples of wood (TW or OW) using a QIAGEN RNeasy Plant mini
kit� according to the manufacturer’s instructions. The RNA concen-
tration and quality of the samples were determined by nano-spec-
trometry (NanoDrop ND1000 Labtech) following the
manufacturer’s recommendations.

Total wood RNA (20 lg) was separated on a 0.7 M formalde-
hyde/1.2% (w/v) agarose gel in 1 �MOPS buffer (20 mM 3-(N-mor-
pholino)propanesulfonic acid, 5 mM sodium acetate, 1 mM EDTA,
pH 7.0) and transferred to a Hybond-XL membrane by capillary
blotting with 10 � SSC. Hybridization, detection and Northern blot
analyse were performed with the DIG-chemiluminescence system
(see Section 4.3). The DIG-labeled probes, corresponding to partial
sequences of PtaBXL 1, 2, 3 and 4 are respectively named BXL1
(163 bp), BXL2 (209 bp), BXL3 (170 bp), and BXL4 (197 bp), and
the sequences of their respective primers are presented in Table
4. Four independent Northern blot experiments were performed.

In each case, 2 lg of total RNA isolated as described above was
reverse-transcribed using 500 ng of oligo(dT)12–18 and 200 units
of SuperScriptTM II RT in a total volume of 19 ll following the man-
ufacturer’s instructions (Invitrogen, Life technologies, USA). After
first-strand cDNA synthesis, complementary RNAs to the cDNAs
were removed by incubating the reaction mixture with 2 units
(1 ll) of E. coli RNAse H at 37 �C for 20 min. PCR was then per-
formed with pairs of primers corresponding to the partial se-
quences of BXL1 (SBXL1_fw/SBXL1_rv), BXL2 (SBXL2_fw/
SBXL2_rv), BXL3 (SBXL3_fw/SBXL3_rv) and BXL4 (SBXL4_fw/
SBXL4_rv) shown in Table 4. For quantitative PCR, the SYBR� Green
I-based RT-qPCR was performed using the same set of oligonucleo-
tide primers as above, in a 20 ll mix containing 10 ll of SYBR
Green PCR Master Mix (ABI), 20 ng cDNA and 0.5 lM of each pri-
Table 4
List of primers used for amplifying PtaBXL1 (AM117813), PtaBXL2 (AM183258),
PtaBXL3 (AM183259) and PtaBXL4 (AM183260).

Primer Sequence Position

SBXL1_fw 50-AGAGTAAATGACCTTATTGG-30 151–171
SBXL1_rv 50-TCCAATAGCCTCCCACAAAG-30 294–314
SBXL2_fw 50-AGGCCAGATCCTTCCAATGG-30 1897–1917
SBXL2_rv 50-CTGACAGGTCTGTTCAGAGG-30 2086–2106
SBXL3_fw 50-AACTAACTCAAGCACCTGG-30 1885–1904
SBXL3_rv 50-AAGAAAACTGTATGGCTTCC-30 2035–2055
SBXL4_fw 50-CTGAGAACTCAGAGACTCCTGG-30 1759–1781
SBXL4_rv 50-TCAGACTATAATAGTGACTGG-30 1935–1956
30BXL1-1 50-TGGAGGGGTAGCTGGGCTCACC-30 429–451
30BXL1-2 50-AGTCCAAACGTGACATATTCAG-30 457–479
50BXL2-1 50-AACATTTGCAACTGCTGTTATCAAAAGTTGC-30 1623–1654
50BXL2-2 50-GAAGAACGTCCACCCTGTCACGACTCTCTGC-30 1579–1610
50BXL3-1 50-AGTCATTGGTACTTTGTCTACGTATGATTGTGG-30 1705–1738
50BXL3-2 50-GGAACCAAAAATAATATCAGCTATGGCAGCTCC-30 1647–1680
PtaBXL4_fw 50-ATGGCGGGCAAGCATCCAGTTTTAC-30 0–25
PtaBXL4_rv 50-TCAGACTATAATAGTGACTGGGTGTTC-30 2088–2115
mer at the following conditions: 95 �C for 10 min, 40 cycles at
95 �C for 15 s and then at 60 �C for 1 min at 50 �C for 30 min,
95 �C for 15 min, and 45 cycles of 15 s at 95 �C and 1 min at
60 �C. RT-qPCR was performed with an ABI Prism7500 Sequence
detector (Perkin–Elmer) in triplicates with standard deviations of
threshold cycle (CT) values not exceeding 0.5. RT-PCR and RT-qPCR
were calibrated with the amplicon of 18S ribosomal RNA molecule
(NS51, 50-GGGGGAGTATGGTCGCAAGGC-30; NS61, 50-TCAGTG-
TAGCGCGCGTGCGGC-30).

4.5. Rapid amplification of cDNA ends (RACE) and PCR amplifications

To isolate full-length cDNAs corresponding to PtaBXL1, 2 and 3,
we performed 50- and 30-RACE–PCR using a GeneRacerTM Advanced
RACE Kit and primers listed in Table 4. 30-RACE–PCR yielded the
clone JXO0011, containing the 50-UTR and 493 nucleotides after
the initiator codon of PtaBXL1, while 50-Full RACE–PCR yielded
the clones JXT0013, including 502 nucleotides before the stop co-
don and the 30 UTR of PtaBXL2, and C0010, including 571 nucleo-
tides before the stop codon and the 30 UTR of PtaBXL3. All the
PCR reactions were performed in 50 ll mixtures with Platinum�

Taq High Fidelity DNA Polymerase using a GeneAmp� 9700 PCR
System (Applied Biosystems) following the protocol provided by
Invitrogen. The sequence of PtaBXL4 was identified from AGI
(http://genome.jgi-psf.org/) by comparison with A. thaliana b-
xylosidase genes, and PCR was applied to cDNA as described previ-
ously, with the forward and reverse primers PtaBXL4_fw and
Ptabxl4r_rv, respectively (Table 4).

The PCR products were cloned into the pCR2.1-TOPO vector,
using a TOPO TA Cloning� Kit and transformed into E. coli strain
TOP10 following the manufacturer’s instructions (Invitrogen One
Shot� Cells) before DNA sequencing using an ABI PRISM Dye Ter-
minator Cycle Sequencing Ready Reaction Kit with AmpliTaq
DNA Polymerase and an 310 ABI PRISM sequencer (Amersham Bio-
sciences, UK).

4.6. Heterologous expression of PtaBXL1

PtaBXL1 was sub-cloned in pBAD-TOPO (pBADPtaBXL1), trans-
formed TOP10 E. coli clones were grown in LB medium to mid-
log phase (OD600 0.6–0.7), harvested by centrifugation (8000g,
10 min, 4 �C) and resuspended in 15 ml of 50 mM sodium phos-
phate buffer (pH 6.8) containing 0.1 mM DTT. The cells were then
broken using an ultrasonic homogenizer (Labsonic U-Ultra 50, B.
Braun, Germany) equipped with a 4 mm diameter, 127 mm long
length titanium probe (40 T, Model 853 811/5) operating at
20 kHz. The resulting extract was centrifuged at 30,000g, 4 �C, for
30 min, and the supernatant (crude extract) was used for enzy-
matic assays. Protein concentrations of cell extracts were esti-
mated by the Bradford dye binding assay (Bradford, 1976).
Inclusion bodies were solubilized by 8 M urea in 20 mM sodium
phosphate at pH 7.5. After centrifugation at 12,000g for 30 min
to remove insoluble particulates, urea-denatured PtaBXL1 in solu-
bilized lysate was refolded by stepwise dialysis against refolding
buffer (100 mM NaCl, 100 mM Tris–HCl, pH 8.0, 2 mM dithiothre-
itol, 1% Chaps) to lower the urea concentration by 2 M at each step.
b-xylosidase activities were determined spectrophometrically, in
triplicate assays in which extracts were incubated in 50 mM so-
dium citrate buffer (pH 5.5) at 37 �C for 2 h with 5 mM of the chro-
mophoric substrate p-nitrophenyl-b-D-xylopyranoside (pNPXyl)
and p-nitrophenyl-b-D-glucopyranoside (pNPGlc), following the
procedures described by La Grange et al. (1997) and Minic et al.
(2004).

In addition xylose released from birch and poplar xylans, and
tamarin xyloglucans, incubated with the protein extracts was mea-
sured using a DX500 high-performance liquid chromatography
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system (Dionex, Sunnyvale) equipped with a 4 � 250 mm Carb-
opac PA-100 anion-exchange column, a Carbopac PA-100 guard
column and an ED40 pulsed amperometric detector (mobile phase;
20–100 mM gradient of sodium acetate in 60 mM NaOH flow rate
1 ml min�1). The acquired data were analyzed using the Dionex
Peaknet software package.

4.7. Computer-based structural analysis

Sequence data were analyzed using the MacGDE software pack-
age, version 2.2 (Smith et al., 1994). Nucleotide and deduced amino
acid sequences of the PtaBXLi genes were compared to those of
genes/proteins compiled in the GenBank/DDBJ/EMBL databases
using the BLAST program (Altschul et al., 1997). The putative func-
tions of the PtaBXLi proteins were determined according to the
similarity of their sequences to genes/proteins with known func-
tions (E value cutoff = 1e�5), and their structural features were pre-
dicted from their isoelectric points (pI), molecular masses,
hydrophobic/hydrophilic plots (Kyte and Doolittle, 1982) and sec-
ondary structure (Chou and Fasman, 1978) predicted using CLC
free Workbench version 4.6.2. In addition, putative functional do-
mains were found by searching the ScanPROSITE database (Gatti-
ker et al., 2002).

4.8. Microscopy

Xylem samples collected from trees tilted to induce tension
wood differentiation for 14 days, 28 days or 3 months (for details
on tension wood formation, see e.g. Jourez et al., 2001) were micro-
scopically examined. For this purpose, sections of about 5 mm
were cut from tension and opposite wood samples and fixed for
4 h in 2.5% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M
McIlvaine citrate–phosphate buffer, pH 7.0. After dehydration in
a graded series of ethanol, samples were embedded in medium
grade LR White resin (London Resin Company Ltd., England).
Semi-thin sections (1 lm thick) were collected using a diamond
knife (Diatome) installed in an ultracut R microtome (Leica), placed
on silanized slides (Dako Cytomation) and fixed by heating at 60 �C
for 48 h. To prevent liquid evaporation, all subsequent incubations
were conducted in a moist chamber. Sections were incubated for
1 h with a droplet of blocking solution containing 3% bovine serum
albumin (BSA) and 0.05‰ Tween-20 in 10 mM Tris Buffered Saline
(TBS) buffer, pH 7.5, and then 2 � 5 min with droplets of dilution
buffer comprising 0.3% BSA and 0.05‰ Tween-20 in 10 mM TBS,
pH 7.5. To label arabinoxylans the sections were incubated with
the mouse AX1 monoclonal antibody (Guillon et al., 2004) in
1:150 dilution buffer, washed with TBS buffer, then incubated with
5 nm gold-conjugated goat anti-mouse serum (Amersham Biosci-
ences, UK) in 1:50 dilution buffer. Control sections were obtained
by omitting the AX1 primary antibody. Sections were post-stained
with 1% Gentian Violet in water (Fluka, Sigma–Aldrich) and exam-
ined under a Leica DMR light microscope. Immunogold labeling
was enhanced by a Silver Enhancing kit (British Biocell Interna-
tional, Cardiff, UK) according to the manufacturer’s instructions.

Ultrastructural features of the various types of wood were ob-
served using a Philips CM110 electron microscope operating at
80 KV to examine 70 nm thick sections from the resin blocks har-
vested on 200-mesh formvar-coated nickel grids and treated as fol-
lows. The grids were floated for 1 h in a blocking solution
containing 3% bovine serum albumin (BSA) and 0.1‰ Tween-20
in 50 mM Tris Buffered Saline (TBS) buffer, pH 7.5, and then twice
for 5 min in a dilution buffer containing 0.3% BSA and 0.1‰ Tween-
20 in 50 mM TBS, pH 7.5. Arabinoxylans were labeled by floating
the grids on drops of dilution buffer containing mouse AX1 mono-
clonal antibody (1:25), washing them in TBS buffer and incubating
them with 5 nm gold-conjugated goat anti-mouse serum in 1:50
dilution buffer (Amersham Biosciences, UK). Control sections were
obtained by omitting the AX1 primary antibody. The grids were
subsequently floated for 25 min in 3% aqueous uranyl acetate solu-
tion to increase the contrast, and immunogold labeling was en-
hanced using a Silver Enhancing kit (British Biocell International,
Cardiff, UK) according to the manufacturer’s instructions.
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