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Summary

Previous studies using co-expression analysis have identified a large number of genes likely to be involved in

secondary cell-wall formation. However, the function of very few of these genes is known. We have studied the

cell-wall phenotype of irx7, irx8 and irx9, three previously described irregular xylem (irx) mutants, and irx14 and

parvus-3, which we now show also to be secondary cell-wall mutants. All five mutants, which have mutations

in genes encoding putative glycosyltransferases, exhibited large decreases in xylan. In addition, all five

mutants were found to have the same specific defect in xylan structure, retaining MeGlcUA but lacking GlcUA

side branches. Polysaccharide analysis by carbohydrate gel electrophoresis (PACE) was used to determine the

xylan structure in Arabidopsis, and revealed that side branches are added to approximately one in every eight

xylose residues. Interestingly, this ratio is constant in all the lines analysed despite the wide variation in xylan

content and the absence of GlcUA branches. Xylanase digestion of xylan from wild-type plants released a short

oligosaccharide sequence at the reducing end of the xylan chain. MALDI-TOF MS analysis indicated that this

sequence of sugars was absent in xylan from irx7, irx8 and parvus-3 mutants, but was present in irx9 and irx14.

This is consistent with previous NMR analysis of xylan from irx7, irx8 and irx9, and suggests that PARVUS may

be involved in the synthesis of a xylan primer whereas IRX14 may be required to synthesize the xylan

backbone. This hypothesis is supported by assays showing that irx9 and irx14 are both defective in

incorporation of radiolabel from UDP 14C-xylose. This study has important implications for both our

understanding of xylan biosynthesis and the functional analysis of cell-wall biosynthesis genes.

Keywords: xylan, glycosyltransferase, secondary cell wall, glucuronic acid, irregular xylem (irx) mutant.

Introduction

The importance of understanding xylan synthesis is high-

lighted by the increasing significance of plant biomass as a

potential source of renewable energy. Decreases in non-

renewable energy resources have led to a projected increase

in the production of bio-fuels (Ragauskas et al., 2006). It has

been proposed that the woody tissues of plants (composed

predominantly from cellulose, xylan and lignins) can be

used as a source of bio-fuel (Bevan and Franssen, 2006). One

of the obstacles to manipulating plant cell walls for more

efficient utilization is the problem associated with identify-

ing the enzymes that catalyse individual steps in secondary

cell-wall formation. More than 800 putative glyco-

syltransferases and glycosyl hydrolases have been identi-

fied in Arabidopsis, and many of these are likely to be

involved in some aspect of cell-wall formation.

Xylans are the major constituent of hemicellulose in the

secondary cell walls of dicotyledonous plants, and, as a

major constituent of wood, are one of the most abundant
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biopolymers on earth. Consequently, the elucidation of

xylan metabolism will not only answer important biological

questions, but may also have implications for the emerging

bio-renewable energy industry and other wood-dependent

industries.

Xylans are polysaccharides composed from a backbone of

b(1,4)-linked xylose (Xyl) sugars (Ebringerova and Heinze,

2000). They may also contain arabinose (Ara), glucuronic

acid (GlcUA) and 4-O-methyl glucuronic acid (Me-GlcUA)

side branches (Ebringerova and Heinze, 2000). In addition, a

complex oligosaccharide sequence [b-D-Xyl-(1,4)-b-D-Xyl-

(1,3)-a-L-Rha-(1,2)-a-D-GalUA-(1,4)-D-Xyl] has been found

on the reducing ends of xylan chains, and appears to be

highly conserved in a number of divergent species (Anders-

son and Samuelson, 1983; Johansson and Samuelson, 1977;

Peña et al., 2007). Although structurally very well character-

ized, much less is known about the enzymes that synthesize

xylan or the genes that encode these enzymes.

Transcriptomic studies based on the co-variance of sec-

ondary cell-wall-specific cellulose synthase genes have

identified a number of Arabidopsis genes that are essential

for correct secondary cell-wall formation (Brown et al., 2005;

Persson et al., 2005). T-DNA insertion mutants correspond-

ing to three of these genes (termed irx7, irx8 and irx9) show

large reductions in Xyl in the inflorescence stem (Brown

et al., 2005). Furthermore, Fourier-transform infra-red (FTIR)

spectroscopy with chemometric analysis indicates that the

alteration in cell-wall composition associated with these

mutants is consistent with a lack of b(1-4)-linked xylosyl

residues associated with xylan (Brown et al., 2005). Cell-wall

fractionation and immunolabelling have demonstrated a

specific reduction in Xyl in the major xylan-containing

fractions of the cell wall (Peña et al., 2007; Persson et al.,

2007; Zhong et al., 2005). Characterization of fra8, which is

allelic to irx7, indicates a lack of GlcUA side branches but

retention of side branches containing Me-GlcUA (Zhong

et al., 2005). Recent studies have shown that irx8 and irx9

also exhibit this defect (Peña et al., 2007; Persson et al.,

2007), and additionally that irx7 and irx8 lack the complex

oligosaccharide sequence normally found at the reducing

ends of xylan. Furthermore, although irx9 was found to

possess this complex oligosaccharide, xylan chain length

was greatly reduced compared to wild-type, indicating a

defect in xylan chain elongation (Peña et al., 2007). These

differences suggest a separate role for IRX7 and IRX8 in

synthesis of the reducing end oligosaccharide, while IRX9

may be involved in chain elongation (Peña et al., 2007).

Plant glycosyltransferases have been classified into

sequence-related families that reflect similarities in their

mechanism of action (Coutinho et al., 2003). IRX7, IRX8 and

IRX9 are members of glycosyltransferase (GT) families 47, 8

and 43 respectively. Whilst members of GT family 8 are

thought to catalyse the formation of a-glycosidic bonds

using a-linked donor substrates, GT43 and GT47 families

comprise members that have inverting enzyme activity

(Coutinho and Henrissat, 1999).

This study describes the identification of two further Xyl-

deficient mutants, irx14 and parvus. Detailed analysis of

these novel mutants showed that they exhibit a specific and

dramatic reduction in xylan similar to that in the previously

described xylan-deficient mutants irx7, irx8 and irx9. irx14

and parvus-3 also share the same large decrease in the ratio

of GlcUA to Me-GlcUA side chains observed in irx7, irx8 and

irx9. Absence of the complex oligosaccharide suggests that

xylan biosynthesis in parvus-3 is defective in a manner

similar to that in irx7 and irx8, whereas this structure is

present in irx14. Analysis of xylosyltransferase activity is

consistent with a role for PARVUS together with IRX7 and

IRX8 in the synthesis of a primer, with IRX9 and IRX14 being

involved in elongation of the xylan backbone. The novel

application of polysaccharide analysis by carbohydrate gel

electrophoresis (PACE) to the Arabidopsis xylan structure

showed that a side branch is added to one in eight Xyl

resides. This ratio remains constant in all the mutants

despite the large differences in the amount of xylan and the

absence of one of the GlcUA side branches, suggesting that

a remarkably robust mechanism regulates the addition of

side branches to the xylan backbone. The data demonstrate

a requirement for both IRX14 and PARVUS in normal xylan

biosynthesis.

Results

Identification of additional putative glycosyltransferases

expressed during secondary cell-wall deposition

Previous studies have demonstrated that the level of sec-

ondary cell-wall metabolism varies considerably in the

inflorescence stem, leaf and hypocotyl. This variance is

mirrored by large changes in gene expression, allowing

genes involved in secondary cell-wall metabolism to be

identified on the basis of co-variance in expression with

known secondary cell-wall genes such as IRX3 (Brown et al.,

2005; Persson et al., 2005). This gene encodes a GT2 protein

that is essential for normal cellulose synthesis during sec-

ondary cell-wall formation (Taylor et al., 2003; Turner and

Somerville, 1997).

To extend the previous study by Brown et al. (2005), a

similar analysis was performed on a larger dataset derived

by combining existing data with publicly accessible micro-

array experiments available through NASC (http://affyme-

trix.arabidopsis.info) (data not shown). Using this enlarged

dataset, with previously described methods (Brown et al.,

2005), two further genes encoding putative glycosyltransfe-

rases were identified that exhibited good gene expression

co-variance with IRX3. The genes At1g19300 and At4g36890

are members of the GT8 and GT43 families, respectively.

Linear regression analysis of At1g19300 and At4g36890
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expression against IRX3 using a large number of publicly

available datasets at the Genevestigator site (Zimmermann

et al., 2004) indicated that both had r2 values of 0.68. In

addition to their clear expression correlation with IRX3,

other evidence indicates that these genes are required for

secondary cell-wall synthesis. Previous work has identified

two mutants, parvus and gaolaozhuangren1 (glz1), caused

by alterations in At1g19300 (Lao et al., 2003; Shao et al.,

2004). Promoter–GUS fusion studies on At1g19300 have

shown that this gene is predominantly expressed in areas of

high secondary cell-wall synthesis, such as the vascular

tissue (Shao et al., 2004). Furthermore, transcriptomic anal-

yses have demonstrated that expression of the poplar

homologue of PARVUS/GLZ1, PttGT8E/F, was highly upreg-

ulated in tissues undergoing secondary cell-wall formation

(Aspeborg et al., 2005; Prassinos et al., 2005). parvus/glz1

plants are also generally smaller and darker green compared

to wild-type, a phenotype that is reminiscent of several

secondary cell-wall mutants (Brown et al., 2005).

At4g36890 is a member of GT family 43. This family has

only four members in Arabidopsis, one of which (IRX9) has

already been shown to be required for normal secondary

cell-wall synthesis (Brown et al., 2005). Considering this

evidence, At1g19300 and At4g36890 were regarded as

good candidate genes required for secondary cell-wall

synthesis.

Characterization of T-DNA insertion mutants

T-DNA insertion lines were selected using the SIGnAL

database (http://signal.salk.edu/). We obtained T-DNA

insertions for both At1g19300 (SALK_045368) and

At4g36890 (SALK_038212), positioned in the 5¢ UTR and

exon, respectively. In order to verify the effect of the inser-

tions on mRNA expression, RT-PCR was performed using

gene-specific primers. The primer pairs generated a PCR

fragment of the predicted size in the wild-type that was

almost undetectable in the SALK_038212 insertion line

and greatly reduced in the SALK_045368 insertion line

(Figure S1A).

Xylem morphology was determined by cutting sections

from the base of the mature inflorescence stem. Both

insertion lines exhibited a clear irregular xylem phenotype

that was similar in severity to that of irx8 (Figure 1) and other

irx mutants such as irx7 and irx9 (Brown et al., 2005). As the

insertion line corresponding to At4g36890 has not previ-

ously been described, it was designated irx14. Transforma-

tion of irx14 with the wild-type version of At4g36890 resulted

in restoration of the xylem phenotype, thus unambiguously

demonstrating that the defect was caused by a mutation in

this gene (Figure S1B). A mutation in At1g19300 has already

been described by two independent studies and named

parvus (Lao et al., 2003) and glz1 (Shao et al., 2004).

Consequently, this third mutant allele will be referred to as

parvus-3.

The whole-plant morphologies of irx14 and parvus-3 are

shown in Figure 1. The overall development of irx14 was

comparable to that of the wild-type, and only small differ-

ences in gross morphology were observed. On average,

stems were thinner and shorter, and had less well-devel-

oped siliques and fewer seeds. parvus-3 plants developed in

a similar manner to the previously identified irx mutants,

irx7, irx8 and irx9. They developed more slowly, were dark

green, had narrower leaves and were almost completely

sterile. The plant morphology of parvus-3 was characteristic

of the previously studied alleles parvus and glz1 (Lao et al.,

2003; Shao et al., 2004).

Cell-wall composition

The sugar composition of the non-cellulose carbohydrate

fraction of the stems of irx14 and parvus-3, along with those

of irx7, irx8 and irx 9, was determined by measurement of

alditol acetates using gas chromatography (GC) (Figure 2a).

The results are in general agreement with those of previous

studies (Brown et al., 2005; Turner and Somerville, 1997),

with Xyl being the major neutral sugar in wild-type stems.

Also consistent with prior analysis is the large decrease in

Xyl in irx7, irx8 and irx9 (Brown et al., 2005; Zhong et al.,

2005). A similar decrease (<50% of wild-type levels) was also

(a) (b) (e)

(c) (d)

Figure 1. Vascular bundle and whole-plant mor-

phology of wild-type and irx mutant plants.

(a–d) Transverse stem sections stained with

toluidine blue. A single representative vascular

bundle is shown from each mutant. The phloem

(ph) and xylem vessels (arrowheads) are indi-

cated. (a) Columbia wild-type, (b) irx8, (c) irx14,

(d) parvus-3. Bar = 50 lm.

(e) Whole-plant morphology of wild-type and irx

mutants. All plants shown were 6 weeks old.
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observed in the stems of parvus-3. irx14 stems were also

found to have a reduction in Xyl, but this was less severe

than the decreases observed in irx7, irx8, irx9 and parvus-3

(Figure 2a).

Cellulose content was measured in the stems of the irx14

and parvus-3 mutants and in the stems of irx3-4, irx8 and

irx9 for comparison. To overcome the potential problem

with measuring the cellulose content of plants with altered

morphology (Brown et al., 2005; Turner and Somerville,

1997), all lines were examined at three stages of develop-

ment (Figure 2b). Wild-type plants exhibited an increase in

cellulose content in the stem during development that

reflects the increase in secondary cell-wall deposition

(Figure 2b). In agreement with previous studies (Brown

et al., 2005), irx3-4 plants did not show an increase in

cellulose during stem development, and consequently at

late stages of stem development they only have 20% of the

cellulose content of the wild-type (Figure 2b). In contrast,

irx14 and parvus-3 exhibit an obvious increase in cellulose

content during development in a manner similar to that in

irx8 and irx9. The relative accumulation of cellulose during

development is similar to that in wild-type, although at each

stage the cellulose content is less than that of corresponding

wild-type plants (Figure 2b).

Previous studies have shown FTIR spectroscopy to be an

effective means of characterizing and grouping secondary

cell-wall mutants (Brown et al., 2005). Consequently FTIR

was performed on irx14 and parvus-3 as well other known

secondary cell-wall mutants irx1, irx3, irx5, irx7, irx8 and irx9

(Brown et al., 2005; Taylor et al., 2003; Turner and

(a)

(b)

(c)

Figure 2. Analysis of cell-wall material from

stems of wild-type and irx mutant plants.

(a) The non-cellulosic carbohydrate composition

of cell-wall material. The individual sugars arab-

inose (Ara), rhamnose (Rha), fucose (Fuc), xylose

(Xyl), mannose (Man), galactose (Gal) and glu-

cose (Glc) are expressed as a percentage of the

total recoverable sugar. Standard error bars are

shown (n ¼ 3).

(b) Cellulose content of developing stems

expressed as a proportion of the ethanol-insolu-

ble cell-wall material. Standard error bars are

shown (n = 3).

(c) PCA of FTIR spectra from wild-type and

mutant stem material. PC1 accounted for 58.5%

of the total explained variance, whereas PC2

accounted for 22.4%.
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Somerville, 1997). Principal component analysis (PCA)

scores plot derived from FTIR spectra data separated the

mutant lines into distinct clusters on the basis of secondary

cell-wall defects (Figure 2c). irx1, irx3 and irx5 and irx7, irx8

and irx9 separated from wild-type into two clusters. The

principal component (PC) loadings were very similar to our

previous FTIR analysis (Brown et al., 2005), indicating that

separation on PC1 is mainly caused by differences associ-

ated with cellulose, whilst separation on PC2 was a result of

differences associated with Xyl content (data not shown).

irx14 and parvus-3 also separated from wild-type, with

parvus-3 grouping closely with irx7, irx8 and irx9, and irx14

forming a single cluster close by (Figure 2c). The grouping of

parvus-3 in the same region of the plot as irx7, irx8 and irx9

suggests a common cell-wall defect (Figure 2c). Further-

more, these data agree with cellulose and cell-wall sugar

measurements and indicate that irx14 shows a similar, but

somewhat weaker, phenotype compared to irx7, irx8, irx9

and parvus-3 (Figure 2).

Fractionation of cell-wall polysaccharides

Chemical separation of the cell wall was performed to isolate

xylan-containing fractions. Cell walls derived from the inflo-

rescence stem were sequentially extracted in 1,2-cyclo-

hexanediaminetetraacetic acid (CDTA), Na2CO3, 1 M KOH and

4 M KOH. The resultant determination of neutral sugars and

uronic acids is shown in Figure 3.

The largest alterations were found in the 1 M KOH fraction.

This procedure solubilizes significant amounts of acidic

xylan in addition to residual pectins by disrupting the

hydrogen bonding between the xylans and the cellulosic

microfibrils (Coimbra et al., 1996). Consistent with this, the

wild-type 1 M KOH fraction consisted of 75% Xyl, 5%

Me-GlcUA and 2% GlcUA, indicating that xylan is the

predominant polysaccharide. The amounts of these mono-

saccharides appear to increase in irx3-4; however, this is

likely to result from the absence of cellulose, making xylan a

larger proportion per unit mass of the cell wall (Figure 3). In

agreement with previous studies (Peña et al., 2007; Persson

et al., 2007; Zhong et al., 2005), irx7, irx8 and irx9 exhibited

significant decreases in Xyl (Figure 3). The analysis of irx14

and parvus-3 revealed Xyl reductions comparable to those

of irx7, irx8 and irx9. Levels of GlcUA were also reduced in

these mutants. In contrast, the ratio of Me-GlcUA to Xyl

increased (Figure 3). Taken together, these results suggest

that irx14 and parvus-3 have reduced levels of xylan in the

inflorescence stem similar to those in irx7, irx8 and irx9.

They also suggest that the proportions of GlcUA and

Me-GlcUA side branches are altered compared to wild-type.

High-concentration alkali extraction of plant cell walls

solubilizes predominantly non-acidic hemicelluloses such as

glucomannans and xyloglucans, as well as any remaining

xylans (Coimbra et al., 1996). Sugar analysis of 4 M KOH

cell-wall extractions is shown in Figure 3. The amounts of

Xyl detected in the 4 M KOH fraction were reduced in all

mutant lines previously shown to have Xyl deficiencies.

Also, decreases in GlcUA and increases in Me-GlcUA

proportions, relative to Xyl, were observed in these mutant

lines. These alterations in cell-wall composition mirror the

changes observed in the corresponding 1 M KOH fractions.

The reductions in Xyl, however, were smaller in the 4 M KOH

fractions compared to the 1 M KOH fractions. This probably

reflects the lower proportion of xylan in this fraction.

Analysis of the cell-wall residue remaining after alkali

extraction found a substantial decrease in Xyl in both irx9

and irx14 compared to wild-type (Figure 3). Interestingly,

this decrease was not observed to the same extent in irx7,

irx8 or parvus-3. Glucose, however, was found to dominate

the cell-wall residue, and accounted for the majority of the

recoverable sugar in all lines analysed except irx3-4. It is

likely that a large proportion of this glucose is derived from

the partial hydrolysis of cellulose.

Other complex changes were also observed within the

CDTA and Na2CO3 fractions. These fractions contain mainly

galacturonic acid (GalUA) (50–60%), with substantial

amounts of Ara, rhamnose (Rha) and galactose (Gal),

consistent with the extraction of pectic polysaccharides

(Figure 3) (Fry, 2000). The total sugars recovered from both

the CDTA and Na2CO3 fractions for irx7, irx8, irx9, irx14 and

parvus-3 were all greater than for wild-type (Figure 3), and it

appeared that the amount was proportional to the severity of

the plant growth phenotype. As this effect was also

observed in the cellulose-deficient mutant irx3-4, it is likely

to be a consequence of alterations in plant development.

PACE of Xyl-deficient mutants

While cell-wall fractionation indicated a decrease in Xyl in

the acidic hemicellulose fraction, consistent with a decrease

in xylan, other polysaccharides may also contribute to this

fraction. To characterize the xylans in the mutants, PACE was

performed using b-xylanase digestions of cell-wall material.

PACE has been used to study cell-wall polysaccharides

quantitatively by exploiting specific cell-wall-degrading

enzymes and separating the released oligosaccharides in

polyacrylamide gels (Barton et al., 2006; Handford et al.,

2003). Here, the technique was adapted by use of a xylanase

for the specific analysis of b-(1-4) xylan. Xylan hydrolysis

was optimized by de-esterification and extraction from the

cell walls using 4 M NaOH. Using this solubilization proce-

dure and treatment with excess pure xylanase from glycosyl

hydrolase family 10 (Xyl10A), the enzyme-accessible xylan

was essentially completely hydrolysed (data not shown).

Use of excess xylanase enzyme also ensured that the xylan

was hydrolysed to a few small enzyme-resistant oligosac-

charides that could be easily characterized and quantified.

Quantification of the released oligosaccharides by PACE
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showed that this enzyme-accessible xylan represented

9–12% of wild-type stem cell wall samples (data not shown).

This is in reasonable agreement with the cell-wall fractio-

nations in which the total quantity of Xyl extracted in the 1 M

and 4 M KOH hemicellulose fractions was 8%.

Figure 4(a) shows the b-xylanase PACE of wild-type and irx

mutants. The fingerprint of hydrolysed wild-type xylan

revealed two enzyme-specific bands corresponding to Xyl

and (Xyl)2, and a third band containing both GlcUA(Xyl)3 and

Me-GlcUA(Xyl)3, which co-migrated in the gel as they are very

similar in mass and structure. The identity of the oligosac-

charides in this band was determined by extraction from the

gel followed by MALDI-TOF MS/MS (data not shown). Other

minor bands were present, but these were considered non-

specific background from the enzyme as they were visible in

the absence of the cell-wall substrate (Figure S2), and were

excluded from the analysis. There was no evidence for

oligosaccharides with arabinose substitution, and no bands

corresponding to partly digested xylan were detected.

The PACE fingerprints for all the mutants were very

similar to those for wild-type, but the intensity of the bands

varied (Figure 4a). With the exception of irx3-4, all mutants

had reduced band intensities compared to wild-type. The

amount of the three xylan-derived bands – Xyl, (Xyl)2 and

[Me-]GlcUA(Xyl)3 – was used to measure total enzyme-

accessible xylan (Table 1). irx7 showed the largest decrease

Figure 3. Carbohydrate composition of cell-wall

fractions from stems of wild-type and irx mutant

plants.

Alcohol-insoluble cell wall material was sequen-

tially extracted with CDTA, Na2CO3,1 M KOH and

4 M KOH. Individual sugars are expressed as a

percentage of the cell-wall fraction. The scale for

GlcUA and Me-GlcUA quantities in the 1 M and

4 M KOH fractions has been adjusted to highlight

the reductions in GlcUA in the xylose-deficient

mutants. Mass indicates the percentage of total

wall sugar recovered for a fraction. Standard

error bars are shown (n = 3).
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in xylan, with only 29% of wild-type, while irx14 showed the

smallest decrease (57% of wild-type). The reduction in band

intensity generally mirrored the decreases of Xyl found in

the 1 M KOH fractions of these lines, and demonstrates that

irx7, irx8, irx9, irx14 and parvus-3 are xylan-deficient

mutants. In contrast to the other mutants, irx3-4 exhibited

an approximately 50% increase in xylan per unit of cell-wall

material compared to wild-type, probably reflecting the

greater proportion of non-cellulosic sugars in these walls.

Using PACE, the percentage of Xyl substituted by either

GlcUA or Me-GlcUA can be determined from the relative

quantities of the Xyl, (Xyl)2 and [Me-]GlcUA(Xyl)3 oligosac-

charide bands. The substitution was found to be constant in

all lines analysed. The gradient of the relative quantities of

Xyl, (Xyl)2 and [Me-]GlcUA(Xyl)3 in each line compared to

wild-type was calculated as 0.12 (r2 = 0.99) (Figure 4b). This

gives a ratio of approximately 8:1 for Xyl:[Me-]GlcUA

(Figure 4b). This result indicates that the frequency of side

branches on the xylan backbone remains constant in these

mutants despite the large variation in the amount of xylan.

Mass spectrometry analysis of xylans

The monosaccharide analysis suggested that the relative

proportions of GlcUA and Me-GlcUA side branches are

altered in irx14 and parvus-3, similar to the defect observed

in irx7, irx8 and irx9 (Peña et al., 2007; Zhong et al., 2005). To

study this in more detail, the oligosaccharides obtained by

hydrolysis of the cell-wall material with Xyl10A were studied

by MALDI-TOF MS. The oligosaccharides were first per-

deuteromethylated to ensure that the GlcUA(Xyl)3 and

Me-GlcUA(Xyl)3 oligosaccharides would ionize with similar

efficiency, and also to improve the quality of the spectra. MS

analysis revealed that GlcUA(Xyl)3 (m/z 800 [M + Na]+) and

Me-GlcUA(Xyl)3 (m/z 797 [M + Na]+) were both detectable in

samples from the wild-type cell walls (Figure 5). Larger

[Me]-GlcUA(Xyl)n oligosaccharides were not detected, con-

firming that all the substituted regions of the xylan were

digested by Xyl10A to this single oligosaccharide. The MS

spectrum from irx3-4 cell walls was very similar to that of

wild-type (Figure S3). In contrast, the relative proportion of

GlcUA(Xyl)3 to Me-GlcUA(Xyl)3 was substantially reduced in

all the other mutants (Figures 5 and S3). It has previously

been observed that GlcUA was undetectable in xylan of fra8

(Zhong et al., 2005; allelic to irx7), and recently also in irx8

and irx9 (Peña et al., 2007; Persson et al., 2007; Zhong et al.,

2005). The results presented here confirm these studies and

also indicate that these alterations to xylan structure are

common to irx14 and parvus-3.

Xylan of Arabidopsis contains a complex oligosaccharide

sequence at the reducing end of the chain. This oligosac-

charide, identified by NMR as b-D-Xyl-(1,4)-b-D-Xyl-(1,3)-a-L-

Rha-(1,2)-a-D-GalUA-(1,4)-D-Xyl, was found to be absent in

(b)

(a)

Figure 4. Xylan analysis of irx mutants by PACE.

Oligosaccharides, released from alcohol-insoluble cell-wall material digested

with xylanase to completion, were derivatized with ANTS (8-aminonaphtha-

lene-1,3,6-trisulfonic acid) and separated by polyacrylamide gel electropho-

resis.

(a) Three main oligosaccharide bands were seen: xylose, (Xyl)2 and one band

containing both Me-GlcUA(Xyl)3 and GlcUA(Xyl)3 ([Me]-GlcUA(Xyl)3). The

other bands, marked with asterisks, are non-specific products from the

enzyme or cell-wall preparation.

(b) Measurement of [Me]-GlcUA side branching. Side branching was deter-

mined from the quantity of GlcUA in [Me-]GlcUA(Xyl)3 relative to xylose in

Xyl, (Xyl)2 and [Me-]GlcUA(Xyl)3. Values are expressed relative to the quantity

of xylose backbone in wild-type and are derived from three independent

xylanase digests of the wall. These results are consistent with those of an

independent biological replicate.

Table 1 Xylan quantity in stems of wild-type and irx mutant plants
determined by PACE

Genotype
Percentage
xylan/WT

WT 100
irx7 29.2 � 5.8
irx8 38.8 � 11.3
irx9 38.3 � 11.9
irx14 57.0 � 8.6
parvus-3 45.4 � 3.9
irx3-4 155.7 � 16.6

Oligosaccharides released by xylanase from cell-wall material were
quantified using PACE, and the total enzyme-accessible xylan quan-
tity is expressed relative to levels from wild-type plant cell walls.
Xylose, (Xyl)2 and [Me]-GlcUA(Xyl)3 were quantified. Values are
means � SD of measurements from three xylanase digests analysed
in at least 15 gels. The results are consistent with those of a second
independent experiment.
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irx7 and irx8 but present in irx9 (Peña et al., 2007). The MS

spectrum of xylanase-digested wild-type cell walls revealed

a minor signal at m/z 980 (Figure 5), which corresponded to

this reducing-end oligosaccharide. Subsequent structural

analysis by MALDI-TOF/TOF tandem MS produced a series

of Yn and 1,5Xn fragment ions (Domon and Costello, 1988)

that confirmed the sequence to be pentose–pentose–deoxy-

hexose–hexuronic acid–pentose (Figure 6). Other ions in the

MALDI-MS/MS spectrum (e.g. En, Dn Gn) indicate branching

and linkage positions (Maslen et al., 2007; Spina et al., 2004),

and are also consistent with the reported reducing-end

structure. Reduction of the cell-wall polysaccharides with

NaBH4 prior to xylanase digestion resulted in a shift in mass

of this oligosaccharide to m/z 999 [M + Na]+, confirming that

it is present at the reducing end of the chain (Figure S4). The

oligosaccharide was also found in xylanase digests of cell

walls from irx9, irx14 and irx3-4 (Figures 5 and S3). However,

it was absent in similar MS analyses of irx7, irx8 and

parvus-3, indicating that the reducing end is altered in these

three mutants.

Xylosyltransferase activity of the xylan-deficient mutants

Assays were performed to investigate any differences in

xylan xylosyltransferase activity in the wild-type and mutant

lines. Previous studies in barley (Hordeum vulgare L.) and

wheat (Triticum aestivum L.) indicated that incorporation of

Xyl from UDP-Xyl by b(1,4)-xylosyltransferases increased

markedly in the presence of exogenous b(1,4)-xylooligo-

saccharide acceptors (Kuroyama and Tsumuraya, 2001;

Urahara et al., 2004). We therefore measured the incorpo-

ration of Xyl from radiolabeled UDP-Xyl by detergent-trea-

ted microsomal membranes, derived from the base of stem,

in the presence or absence of an exogenous b(1,4)Xyl6
acceptor (Figure 7). The incorporation of label from UDP-Xyl

increased considerably when wild-type and irx3-4 micro-

somes were incubated with b(1,4)Xyl6. Substantial increases

in incorporation were also seen after the addition of

b(1,4)Xyl6 to membranes from irx7, irx8 and parvus-3, sug-

gesting that these lines have the ability to transfer [14C]Xyl

from UDP-[14C]Xyl onto b(1,4)-xylooligosaccharides. In

contrast, irx9 and irx14 exhibited no apparent stimulation in

the incorporation of radiolabel from UDP-Xyl in the presence

of exogenous b(1,4)Xyl6.

Discussion

Our previous studies have demonstrated the effectiveness of

identifying genes on the basis of co-variance with

known secondary cell-wall markers (Brown et al., 2005).

(a)

(b)

(c)

Figure 5. MALDI-TOF MS spectra showing

signals for the perdeuteromethylated [Me]-Gl-

cUA(Xyl)3 oligosaccharides produced by

xylanase digestion of cell-wall xylan.

The signals at m/z 797 [M + Na]+ and m/z 800

[M + Na]+ correspond to Me-GlcUA(Xyl)3 and

GlcUA(Xyl)3, respectively, and are shown

enlarged in the insets. The signal at m/z 980

[M + Na]+ corresponds to the reducing-end oli-

gosaccharide.

(a) Wild-type, (b) irx14, (c) parvus-3.

Xylan-deficient Arabidopsis mutants 1161

ª 2007 The Authors
Journal compilation ª 2007 Blackwell Publishing Ltd, The Plant Journal, (2007), 52, 1154–1168



The function of the majority of these genes remains un-

known, and identifying their role in secondary cell-wall

deposition remains a major challenge.

In an initial analysis of genes expressed during secondary

cell-wall formation (Brown et al., 2005), three mutants were

isolated that exhibited large Xyl deficiencies attributed to a

decrease in xylan content. The genes corresponding to these

mutants encode putative glycosyltransferases. Using these

same methods, with the addition of more publicly available

microarray data, two additional genes encoding putative

glycosyltransferases have now been identified. Analyses of

the corresponding insertion mutants, irx14 and parvus-3,

identified a number of characteristics in common with irx7,

irx8 and irx9. Both irx14 and parvus-3 gave clear irx

phenotypes, and decreases in Xyl in the inflorescence stem

that were comparable in severity to those in irx7, irx8 and

irx9 (Figures 1, 3 and 4). All five show a similar decrease in

xylan quantity measured by PACE, similar trends in changes

to the cell-wall FTIR spectrum, and a similar increase in the

proportion of xylan branching by Me-GlcUA relative to

GlcUA (Figures 2, 4 and 5).

Several lines of evidence point to these mutants being

defective specifically in xylan synthesis. These xylan syn-

thesis defects lead to secondary alterations in other wall

polysaccharides. Previous work had suggested a potential

role for PARVUS in the synthesis of pectin. Lao et al. (2003)

demonstrated that the parvus mutant had differences in the

ratio of 2- to 2,4-linked Rhamnose (Rha) in leaf cell walls

compared with wild-type, which the authors ascribed to a

change in RGI branching. However, a reduction was also

observed in b(1-4)-linked Xyl residues. Changes in pectic

epitopes have been observed in several severely dwarfed

secondary cell-wall mutants. mur10, allelic to irx3, exhibits

an increase in a(1-5)-Arabinan epitopes in the hypocotyl

(Bosca et al., 2006), whilst irx8 exhibits reductions in GalUA

associated with homogalacturonan in pectinase-released

cell-wall fractions (Persson et al., 2007). In irx8, these

changes have been attributed to a reduction in the interac-

tions between xylan and pectic polymers (Persson et al.,

2007). The four other xylan-deficient mutants described in

this study also exhibited alteration in the composition of

pectic cell-wall fractions. However, these alterations are

relatively minor, and are dwarfed by the decrease in xylan in

the cell-wall hemicellulose fractions.

The cellulose content of both irx14 and parvus-3 increased

during stem development in a manner similar to that in wild-

type, reflecting the increased cellulose deposition during

Figure 6. Identification of the structure of the

reducing-end oligosaccharide by MALDI-TOF/

TOF tandem mass spectrometry.

Oligosaccharides produced by xylanase diges-

tion of wild-type cell-wall xylan were perdeuter-

omethylated and analysed by MALDI-MS/MS.

The series of Yn and 1,5 Xn fragment ions

(nomenclature according to Domon and

Costello, 1988) confirmed the sequence to be

pentose–pentose–deoxyhexose–hexuronic acid–

pentose. Other ions in the spectrum (e.g. En, Dn,

Gn) indicate branching and linkage positions.

Figure 7. Xylosyltransferase activity catalysed by Arabidopsis microsomal

membranes.

Comparison of xylosyltransferase activity in wild-type and mutant lines in the

presence or absence of an exogenous acceptor (1 mM b(1,4)Xyl6). The results

shown are from an average of three assays from one set of plants, and are

consistent with those of a similar experiment carried out on another set of

independently grown plants. Standard error bars for triplicate assays are

shown.
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secondary cell-wall formation. In common with irx7, irx8 and

irx9 (Brown et al., 2005), however, the cellulose content of

the stem was less than in the corresponding wild-type plants

(Figure 2b). We believe this decrease in cellulose results

directly or indirectly from the xylan synthesis defect,

through the alteration in plant morphology. The reduction

in xylan synthesis is unlikely to be due to a cellulose

synthesis deficiency, as severe cellulose-deficient mutants

such as irx3-4 apparently exhibit an increase in xylan

biosynthesis (Figures 3 and 5). Indeed, no previously

described mutant with decreased cellulose synthesis in the

secondary cell wall exhibits a decrease in xylan accumula-

tion (Brown et al., 2005; Turner and Somerville, 1997).

Similarly, irx4, which is defective in a cinnamoyl CoA

reductase gene required for lignin biosynthesis, exhibits a

collapsed xylem and altered gross plant morphology but

normal levels of xylan (Jones et al., 2001). Together, the

results suggest irx14 and parvus-3 are likely to be defective

in the same metabolic pathway as irx7, irx8 and irx9. The

cell-wall composition, FTIR, polysaccharide fractionation

and PACE analyses presented here corroborate previous

studies, and demonstrate that irx7, irx8 and irx9 are xylan-

deficient mutants. Furthermore, irx14 and parvus-3 exhibit

similar large decreases in xylan consistent with the primary

defect in all five mutants being reduced xylan biosynthesis.

The combination of PACE and MALDI-TOF MS analyses

has provided a detailed description of xylan branching in

Arabidopsis. In wild-type plants, a side branch is added on

average to one in eight Xyl residues, with the ratio of

Me-GlcUA to GlcUA close to 2 (Figures 4b and 5). In the five

xylan-deficient mutants, the GlcUA side chains are

decreased to trace amounts. In spite of this, the frequency

of side chain branching was similar in all the xylan-deficient

mutants, with GlcUA being replaced with Me-GlcUA

(Figures 4b and 5). These data clearly demonstrate that a

mechanism maintains a similar degree of Xyl substitution

whatever the rate of Xyl backbone synthesis. This could

occur if synthesis of the backbone and side chains are

closely linked as previous studies have suggested (Baydoun

et al., 1989). The regulation of branching is apparently

independent of the relative proportion of GlcUA to Me-Gl-

cUA substitution of the xylan. It is unclear how the

Me-GlcUA side chain on xylan is formed, and whether the

methylation occurs at the sugar nucleotide level or once

the sugar is attached to the xylan backbone. If the rate of

the sugar nucleotide methylation reaction is what regu-

lates the ratio of GlcUA to Me-GlcUA, then low concentra-

tions of UDP-GlcUA could result in it all being converted to

the methylated form. Such low concentrations of UDP-

GlcUA could arise through perturbations of sugar nucleotide

pools as a consequence of impaired UDP-Xyl usage. Indeed,

synthesis of UDP-GlcUA is inhibited by UDP-Xyl (Hinterberg

et al., 2002; Stewart and Copeland, 1998; Turner and Botha,

2002). Whether this occurs in xylan-deficient mutants

remains unclear, and needs to be substantiated by mea-

surements of nucleotide sugar pools. Alternatively, if meth-

ylation of GlcUA occurs once it has been transferred to the

xylan backbone, as has been suggested (Kauss and Hassid,

1967), it is possible that the lower amount of GlcUA side

chain resulting from reduced xylan synthesis would result in

all the GlcUA being methylated (Peña et al., 2007).

While all five mutants described in this study exhibit a

decrease in xylan, MALDI-TOF MS of the xylan reducing-end

oligosaccharide and measurement of enzyme activity sep-

arated them into two distinct groups, with irx9 and irx14

comprising one group and irx7, irx8 and parvus the other. If

each unique linkage in xylan is catalysed by a dedicated

glycosyltransferase, a minimum of only two or three would

be required for xylan chain elongation and side branch

addition. However, the oligosaccharide at the reducing ends

of Arabidopsis xylan probably requires the action of several

additional enzymes for its synthesis. The absence of this

oligosaccharide in xylan derived from irx7 and irx8 suggests

that the enzymes corresponding to these mutants (IRX7 and

IRX8) are responsible for its synthesis (Figure S3) (Peña

et al., 2007). The oligosaccharide may function as a primer

for synthesis, and its absence would lead to impaired xylan

chain initiation (Peña et al., 2007). PARVUS may also be

required for primer synthesis as the complex oligosaccha-

ride was also absent from xylan extracted from parvus-3

(Figure 5). This conclusion is further supported by measure-

ments of xylosyltransferase activity in these mutants.

Microsomal membranes isolated from wild-type and irx3-

4, in addition to irx7, irx8 and parvus-3, showed a clear

increase in xylosyltransferase activity on addition of a

b(1,4)Xyl6 acceptor, indicating that the capacity to transfer

Xyl from UDP-Xyl onto higher b(1,4)-xylooligosaccharides is

not substantially impaired in these mutants. IRX8 and

PARVUS belong to a subgroup of GT family 8 proteins

named the GAUT1-related super-family of retaining GTs

(Sterling et al., 2006). These may catalyse the formation of

a-glycosidic bonds using a-linked donor substrates. IRX8 is

related to GAUT1, a homogalacturonan galacturonosyl-

transferase, leading to the suggestion that it catalyses

addition of the a-linked GalUA residue to the reducing Xyl

residue of the short oligosaccharide sequence (Peña et al.,

2007). PARVUS, a member of the GalUAT-like (GATL) family,

has also been proposed to function as a putative GalUA

transferase on the basis of homology to the GUAT1-related

family (Sterling et al., 2006). PARVUS, like IRX8, is therefore

also a candidate for catalysis of addition of the a-linked

GalUA residue to the reducing Xyl residue. IRX7 is a member

of the GT47 family of enzymes with inverting GT activity. As

a result it has been proposed that IRX7 could catalyse the

formation of one of several b-linkages of Xyl, using a-linked

UDP-Xyl, or catalyse the addition of a-linked Rha using

b-linked UDP-Rha (Peña et al., 2007). Characterization of the

xylan remaining in these mutants is currently underway, and
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this may give a more precise prediction on the function of

these genes.

IRX9 and IRX14 are members of the GT43 family. To date,

this family is known to contain only enzymes with inverting

activity. Analysis of irx9 indicated the presence of the short

oligosaccharide sequence at the reducing end of the xylan

chain (Figure S3) (Peña et al., 2007). Additional studies have

also revealed that the xylan chain length was significantly

reduced, leading to a proposal that IRX9 is required for xylan

chain elongation (Peña et al., 2007). The data presented in

this study suggests that IRX14 is also a candidate for this

role. The xylosyltransferase assay supports this theory, as,

in contrast to irx7, irx8 and parvus-3, incorporation of label

from UDP-Xyl was not stimulated by addition of acceptor to

membranes of irx9 or irx14 (Figure 7). This suggests that

both these mutants have an impaired inability to transfer Xyl

from UDP-Xyl onto higher b(1,4)-xylooligosaccharides. Also

consistent with this view is the observation that, like xylan

from irx9, the putative oligosaccharide primer is present in

xylan from irx14 (Figure 5). Whether the mechanisms of

action of IRX9 and IRX14 are the same remains unclear;

however, the identification of two xylan-deficient mutants

with reduced xylosyltransferase activity suggests the possi-

bility that an enzyme complex of these two proteins synthe-

sizes xylan. The two GT43 members, IRX9 and IRX14, may

be part of a complex that is unstable or non-functional if one

of the components is missing. This situation would be

similar to the cellulose synthase complex that is required for

the formation of b(1-4)-glucose chains (Taylor et al., 2003).

In summary, we describe two novel Xyl-deficient mutants

and compare them to three that have been previously

described (Bauer et al., 2006; Brown et al., 2005; Peña et al.,

2007; Persson et al., 2007; Zhong et al., 2005). Detailed

biochemical characterization of the cell walls from these

mutants indicates that they are all xylan-deficient. By

comparing the mutants, we found that the frequency of side

branching of xylan remains essentially constant despite

large reductions in GlcUA side branches. We were able to

classify the mutants based on reducing-end oligosaccharide

structure and enzyme activity. It would be hard to derive

similar conclusions on possible enzyme function from the

analysis of mutants individually, and therefore the work

demonstrates the power of analysing several cell-wall

mutants simultaneously. Consequently, this study has con-

tributed to our understanding of xylan biosynthesis, and

also has general implications for the functional analysis of

cell-wall biosynthesis genes.

Experimental procedures

Plant material

Plants were germinated and grown on 0.8% w/v agar plates con-
taining MS nutrients and B5 vitamins (Gamborg et al., 1968;

Murashige and Skoog, 1962) for 2 weeks prior to being transferred
to compost containing vermiculite and perlite (10:1:1). Plants
were then grown at 22�C in controlled-environment cabinets
(CLF Plant Climatics; http://www.plantclimatics.de) under a 16 h
day light regime of 150–180 lmol m)2 sec)1.

Screening of homozygous plants with T-DNA insertions

Identification of homozygous plants with T-DNA insertions in
At1g19300 (parvus-3, salk_045368) and At4g36890 (irx14,
salk_038212) was performed as described by Brown et al. (2005).
Briefly, T-DNA insertions were identified using the flanking primers
(LP and RP) generated by the SIGnal T-DNA verification primer
design web site (http://signal.salk.edu/tdnaprimers.html) and
primers from the T-DNA left border LBa1 (5¢-GCGTGGACCGCT-
TGCTGCAACT-3¢) and LBb1 (5¢-TCAAACAGGATTTTCGCCTGCT-3¢).

Real-time PCR of plants with T-DNA insertions

Material for RNA analysis was ground in liquid nitrogen, and RNA
was isolated using the Qigen RNeasy kit (http://www.qiagen.com/)
according to the manufacturer’s instructions. T-DNA insertion lines
were confirmed as lacking specific mRNA transcript using gene-
specific primers. First-strand synthesis was performed on 10 lg of
total RNA using 100 U of reverse transcriptase (Promega, http://
www.promega.com/) at 42�C for 1 h. The amplification conditions
used were as follows: 95�C for 5 min, various number of cycles of
95�C for 15 sec, 60�C for 30 sec and 72�C for 1 min, then 4�C hold
using the following primers: At1g19300, LP 5¢-CCACTTCGTCGC
CTCTGCTT-3¢, RP 5¢-TTTCCGATGGGCGAAGGTTA-3¢; At4g36890, LP
5¢-ATGCGGAAGAGATGGTTTTG-3¢, RP 5¢-TTCGGATTTTCGTTGG-
ATGT-3¢. Control PCR was performed using 18S-specific primers.

Mutant analysis

Stem sections, approximately 200-lm thick, were hand cut using a
razorblade and stained with toluidine blue O (Sigma, http://
www.sigmaaldrich.com/) as previously described (Turner and
Somerville, 1997). Between 5 and 10 plants were examined for each
mutant line. They were viewed on a Leica DMR light microscope
(Leica Microsystems; http://www.leica-microsystems.com) and
photographed using a Spot RT digital camera (Diagnostic Instru-
ments; http://www.diaginc.com). Analysis of neutral monosaccha-
rides in the non-cellulose fraction of tissue derived from the
inflorescence stem was performed using gas chromatography of
alditol acetates as described previously (Reiter et al., 1993). Mea-
surements were taken from a pool of 5–7 stems from plants that had
11–13 expanded siliques. Cellulose measurements were performed
from individual plants using 5 cm segments from the base of the
primary inflorescence stem as previously described (Turner and
Somerville, 1997). Three developmental stages were examined:
early (plants with 1–3 expanded siliques), middle (plants with 5–7
expanded siliques) and late (plants with 11–13 expanded siliques).
FTIR analysis was performed as described by Brown et al. (2005)
with slight modifications. Four replicates of pooled stem material
(5–8 plants) were freeze-dried for 2 days and milled by rapid shaking
with a ball-bearing for 30 min using a Tissuelyser (Qiagen) prior to
analysis. An Equinox 55 FT-IR spectrometer (Bruker; http://
www.bruker.com), fitted with an HTS-XT high-throughput micro-
plate sampling accessory, was used to collect spectra over the
wavenumber range of 4000 to 600 cm)1. Only the absorbancies
between 2000 and 800 cm)1 were used during PC analysis.
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Complementation of irx14

The vector for expression of a STREP-tagged IRX14 construct was
constructed using Gateway technology (Invitrogen, http://www
.invitrogen.com/) as described by the manufacturer. The destination
vector (3HSC) was constructed by inserting the STREP II sequence
into the XbaI–SmaI sites of pUC19, subsequently digesting with
SmaI, and then ligating with the ‘frame A’ (Invitrogen) DNA frag-
ment. The resulting product was excised and inserted into pBSK
containing a 1.7 kb fragment of the IRX3 promoter region. The
entire insert, excised with XhoI and SacI, was ligated into the vector
pCB1300 upstream of the NOS terminator sequence. The entry
clones were obtained by PCR amplifying a cDNA fragment
containing the full-length IRX14 gene, using the primers
S-IRX14F (5¢-AAAAAGCAGGCTCGAAGAAGATGAAGCTCTCTGC-3¢)
and S-IRX14R (5¢-AGAAAGCTGGGTATCTGGAGGAGAAGATGATC-
3¢), and BP clonase II cloning (Invitrogen) into pDONOR. STREP-
tagged IRX14 expression clones were obtained after LR clonase II
cloning (Invitrogen) of the entry vector into the 3HSC destination
vector The construct was transformed into irx14 using Agrobacte-
rium vacuum infiltration (Clough and Bent, 1998). Transgenic plants
were identified by growing on MS medium containing hygromycin.

Cell-wall fractionation

Cell-wall fractionation was based upon the methods described by
Coimbra et al. (1996) with minor alterations. Freeze-dried and
tissue-lysed stem material (approximately 1 g) was immersed in
two changes of 70% v/v ethanol at 70�C for 1 h each, washed with
acetone and then air-dried overnight. The material was then
suspended in chloroform:methanol (1:1) for 1 h at room temper-
ature, filtered onto filter paper (Whatman; http://www.whatman.
com), washed with acetone and then air dried. This material was
termed alcohol-insoluble material (AIR). AIR (200 mg) was sus-
pended in 10 ml of 0.05 M CDTA (pH 6.5) for 24 h at room tem-
perature. The suspension was centrifuged (48 000 g), and the
pellet washed once with distilled H2O. The supernatants were
combined as the CDTA-soluble fraction. The AIR was subse-
quently extracted under oxygen-free conditions using 0.05 M

Na2CO3 containing 0.01 M NaBH4 for 24 h at 4�C (Na2CO3-soluble
fraction), 1 M KOH containing 0.01 M NaBH4 for 24 h at room
temperature (1 M KOH-soluble fraction) and then 4 M KOH con-
taining 0.01 M NaBH4 for 24 h at room temperature (4 M KOH-
soluble fraction). All fractions were filtered through a GF/C glass
fibre filter (Whatman). The Na2CO3 and KOH fractions were also
chilled on ice and adjusted to pH 5 with glacial acetic acid. All
cell-wall fractions were then dialysed extensively against deion-
ized water for 5 days, and then lyophilized. The fractionation was
repeated three times on three sets of plants grown independently,
and the mean of these three independent replicas was calculated.

Analysis of cell-wall fractions by TMS ethers

of methyl glycosides

Analysis of the TMS ethers of methyl glycosides of the cell-wall
fractions was performed as previously described (York et al.,
1985). Briefly, approximately 5 mg of cell-wall material was
incubated in 1 M HCl in methanol for 16 h at 80�C. The methanolic
HCl was removed by adding 100 ll butanol and evaporating to
dryness using a rotary evaporator. The subsequent methyl gly-
cosides and methyl ester methyl glycosides were then silylated
using Sylon (Sigma-Aldrich) for 20 min at 80�C, and evaporated
to dryness. The derivates were then dissolved in hexane (1 ml),

insoluble salts were removed by centrifugation (30 000 g), and
the supernatant evaporated. The residue was dissolved in 100 ll
of hexane, of which 1 ll was analysed by GC.

Derivatized samples were analysed using an Agilent 6895 gas
chromatograph (Agilent; http://www.agilent.com). Silylated sam-
ple (1 ll) was injected via the split injector (split ratio 10:1) into a
HP1 column (Agilent) under the following temperature program:
an initial temperature of 140�C, then an immediate increase to
180�C at a rate of 2�C/min. Chromatogram peaks were identified
on the basis of retention times of arabinose, xylose, galactose,
glucose, mannose, rhamnose, glucuronic acid and galacturonic
acid sugars. Chromatogram peaks generated by 4-O-methyl
glucuronic acid were assigned on the basis of retention times of
4-O-methyl-a-glucuronic acid (a generous gift from Miroslav Koos,
Slovak Academy of Sciences, Bratislava, Slovakia) and by com-
paring with chromatographs of purified 4-O-methyl-glucurono-D-
xylan (Sigma-Aldrich).

PACE materials

Endo-b-1,4-xylanase (Xyl10A, glycosylhydrolase family 10) from
Cellvibrio japonicus was a generous gift from Harry Gilbert (Univer-
sity of Newcastle, UK). Its specificity for b-1,4-xylan was tested using
PACE according to the method described by Goubet et al. (2002).
ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid) and galactose
were purchased from Molecular Probes (http://probes.invitrogen.
com) and Sigma, respectively. (Man)2 and (Man)3 were purcha-
sed from Megazyme (http://www.megazyme.com). Polyacrylamide
containing a 29:1 ratio of acrylamide to N,N¢-methylenebis-
acrylamide was obtained from Severn Biotech (http://www.
severnbiotech.com).

Preparation of cell walls for PACE

Stem fractions were incubated for 30 min in 95% ethanol at 65�C to
inactivate enzymes, and then were ground in a Mixer Mill MM200
(Glen Creston, Stanmore, Middlesex, UK). The homogenate was
centrifuged at 4000 g for 15 min. The pellet was washed as
described by Goubet et al. (2002).

Xylan fingerprinting by PACE

Dried cell-wall material (50 lg) was treated with 4 M NaOH (20 ll) for
1 h at room temperature before adjusting to pH 5-6 with HCl (1 M).
The hydrolysis was performed in 0.1 M ammonium acetate, pH 6,
with 20 mU of Xyl10A overnight. The reactions were stopped by
boiling for 30 min, and the samples were dried using a centrifugal
vacuum evaporator.

Derivatization of the sugars with ANTS was performed as
described previously (Goubet et al., 2002) with samples dissolved
in 10 ll of buffer (DMSO:water:acetic acid, 20:17:3). The derivatized
sugars were resuspended in 100 ll of 3 M urea and stored before
use at )20�C. Separation of ANTS-derivatized sugars, using 1 ll of
sample per gel lane, was performed as described by Goubet et al.
(2002). Control experiments without substrates or enzymes were
performed under the same conditions to identify any non-specific
compounds in the enzymes, polysaccharides/cell walls or labelling
reagents. Gels were scanned and quantified as described previously
(Goubet et al., 2002). Standards for quantification [galactose,
(Man)2 and (Man)3] were separated alongside samples in each gel
to obtain a standard curve of pmol quantity of fluorophore-labelled
oligosaccharide. The quantity of Xyl, (Xyl)2 and GlcUA(Xyl)3/
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Me-GlcUA(Xyl)3 in 1 ll of sample was calculated using this standard
curve. The ratio of Xyl to Glc/Me-Glc was calculated by summing the
relative contribution of the Xyl-containing bands = (Xyl)l x 1 +
(Xyl)2 x 2 + ([Me]GlcUA (Xyl)3) x 3, compared to GlcUA/
MeGlcUA = ([Me]GlcUA(Xyl)3) x 1.

Xylan fingerprinting by MS

Cell-wall material (500 lg) was treated with 4 M NaOH (50 ll) for 1 h
at room temperature before adjustment to pH 5-6 with HCl (1 M).
Where indicated, ends were reduced by incubation with NaBH4

(10 mg/ml) for 2 h at room temperature in 0.5 M NaOH, and then
adjusted to pH 5.5 with glacial acetic acid. The hydrolysis was per-
formed in 0.1 M ammonium acetate, pH 6, with 100 mU of Xyl10A
overnight. The reactions were stopped by boiling for 30 min. The
samples were filtered using a Nanosep system (molecular weight
cut-off of 10 kDa; Pall; http://www.pall.com) and dried using a cen-
trifugal vacuum evaporator. The resulting oligosaccharides were
purified using HyperSep Hypercarb cartridges (Thermo-Hypersil-
Keystone; http://www.thermo.com) and subsequently analysed by
MALDI-TOF MS. Due to the presence of contaminant signals com-
plicating these native spectra, the remainder of each sample was
perdeuteromethylated (using the NaOH slurry method described by
Dell et al., 1989) prior to re-analysis by MALDI-TOF MS. All mass
spectra were recorded in positive ion mode on a 4700 Proteomics
Analyzer(AppliedBiosystems,http://www.appliedbiosystems.com/).
This MALDI tandem mass spectrometer uses a 200 Hz frequency
triple Nd-YAG laser operating at a wavelength of 355 nm. 2,5-di-
hydroxybenzoic acid (DHB) (Fluka; http://www.sigmaaldrich.com),
dissolved in 50% aqueous methanol, was used as the matrix, and
averages of 2500 shots were used to obtain all MS spectra. The
MALDI-TOF/TOF tandem mass spectrum for the reducing-end oli-
gosaccharide was acquired manually with an average of 10 000
laser shots. The collision energy was set at 1 kV, and the oligo-
saccharide ion was collided in the CID cell with argon at a pressure
of 2 · 10)6 Torr.

Microsomal membrane isolation

Microsomal membranes were prepared from the inflorescence
stems of 6-week-old plants, according to the method described by
Porchia and Scheller (2000), with slight modifications. All proce-
dures were carried at 0–4�C. Harvested stems (6 g FW) were ground
in a mortar and pestle containing 20 ml 50 mM HEPES-KOH, pH 7.2,
1 mM DTT, 1 mM MgCl2, 5 mM EDTA, 100 mM sodium ascorbate,
0.4 M sucrose, proteinase inhibitor cocktail (Complete tablets,
EDTA-free, Roche Applied Science; http://www.roche.com) and 1%
w/v polyvinylpolypyrrolidone. The suspension was filtered through
a 50 lm nylon cloth mesh, and centrifuged at 2500 g for 15 min.
Microsomal membranes were collected by centrifuging the super-
natant at 200 000 g for 1 h, and re-suspending in 180 ll of homo-
genization buffer without polyvinyl polypyrrolidone.

Xylosyltransferase assay

The xylosyltransferase assays were performed using 300 lg of
microsomal membrane protein concentrate determined by Brad-
ford’s reagent (Bradford, 1976), and incubated in a total of 40 ll
buffer containing 50 mM HEPES-KOH, pH 7, 5 mM MgCl2, 10 mM

NaF, 1 mM DTT and UDP-[14C]-D-Xyl (3.7 lM, 1.5 kBq, Perkin El-
mer; http://www.perkinelmer.com) with or without 1 mM of the
exogenous acceptor b(1,4)Xyl6 (Megazyme; http://www.megazyme.

com). The reaction was performed at room temperature (20–24�C)
for 30 min, and was then terminated by adding 250 ll of 50% w/v
Dowex-1x8 slurry (Sigma). The reaction mixture was then eluted
by centrifugation for 2 min at 2000 g. Total radioactivity was
determined by adding 2 ml of Ecoscint A liquid scintillation
cocktail (National Diagnostics; http://www.nationaldiagnostics.
com) and counting by liquid scintillation counter. The assay was
repeated three times each on two sets of independently grown
plants.
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