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Xyloglucan is an important hemicellulosic polysaccharide in dicot primary cell walls. Most of the enzymes involved in
xyloglucan synthesis have been identified. However, many important details of its synthesis in vivo remain unknown. The roles
of three genes encoding xylosyltransferases participating in xyloglucan biosynthesis in Arabidopsis (Arabidopsis thaliana) were
further investigated using reverse genetic, biochemical, and immunological approaches. New double mutants (xxtI xxt5 and
xxt2 xxt5) and a triple mutant (xxt1 xxt2 xxt5) were generated, characterized, and compared with three single mutants and the
xxt1 xxt2 double mutant that had been isolated previously. Antibody-based glycome profiling was applied in combination with
chemical and immunohistochemical analyses for these characterizations. From the combined data, we conclude that XXT1 and
XXT2 are responsible for the bulk of the xylosylation of the glucan backbone, and at least one of these proteins must be present
and active for xyloglucan to be made. XXT5 plays a significant but as yet uncharacterized role in this process. The glycome
profiling data demonstrate that the lack of detectable xyloglucan does not cause significant compensatory changes in other
polysaccharides, although changes in nonxyloglucan polysaccharide amounts cannot be ruled out. Structural rearrangements of
the polysaccharide network appear responsible for maintaining wall integrity in the absence of xyloglucan, thereby allowing
nearly normal plant growth in plants lacking xyloglucan. Finally, results from immunohistochemical studies, combined with
known information about expression patterns of the three genes, suggest that different combinations of xylosyltransferases

contribute differently to xyloglucan biosynthesis in the various cell types found in stems, roots, and hypocotyls.

The primary cell walls of plants largely consist of
interacting networks of polysaccharides, together with
some structural (glyco)proteins. The major polysac-
charide components are pectins, hemicelluloses, and
cellulose. The most abundant hemicellulosic polysac-
charide in the primary cell walls of most vascular dicot
species is xyloglucan, which is thought to bind tightly
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to cellulose to form a xyloglucan/cellulose network
(Hayashi and Maclachlan, 1984; Pauly et al., 1999a).
Most models of primary cell walls depict xyloglucan as
a polymer that cross-links adjacent cellulose microfi-
brils, thereby forming a load-bearing structure in the
wall whose loosening must be carefully controlled
during cell wall expansion (Hayashi, 1989; McCann and
Roberts, 1991; Carpita and Gibeaut, 1993; Somerville
et al., 2004). An alternative model is that by directly
interacting with cellulosic molecules, xyloglucan ser-
ves as a spacer that prevents the cellulose microfibrils
from aggregating (Thompson, 2005) and thereby sup-
ports the interaction between cellulose and other cell
wall components (Somerville et al., 2004). Apart from
cellulose, xyloglucan is the most characterized cell wall
polysaccharide, and considerable progress has been
made in the identification and characterization of the
enzymes involved in its synthesis. Nevertheless, a full
understanding of the details of xyloglucan assembly
and its regulation in vivo is far from complete.

The xyloglucan backbone in most dicotyledonous
plants is composed of a repeating pattern of 1,4-3-D-
glucosyl residues, of which two or three out of four
residues carry an a-D-Xyl residue substitution at O-6.
Major structural features of xyloglucan are generally
conserved within a single plant species, and although
variations exist in the substitution patterns (Hoffman
et al., 2005), most xyloglucans are classified either as
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“XXXG type” or “XXGG type” depending on the
number of substituted glucosyl residues (Fry et al,,
1993; Vincken et al., 1997). The side chain xylosyl
residues can be further substituted at the O-2 position
with either a single 8-p-Gal or an a-L-Fuc-(1,2)-8-p-Gal
disaccharide, depending on the plant species. For ex-
ample, Arabidopsis (Arabidopsis thaliana) plants have
an XXXG-type xyloglucan that is composed mainly of
XXXG, XLXG, XXFG, XLLG, and XLFG subunits (for
nomenclature of subunits, see Fry et al., 1993). In other
plants, for example the Poaeceae and Solanaceae, the
Xyl units carry a-L-Ara instead of B-p-Gal residues.
Variations in the substitution of xylosyl residues are
observed not only in different plant species but also in
different plant tissues (Freshour et al,, 1996, O’Neill
and York, 2003).

Arabidopsis xyloglucan contains seven different
glycosidic linkages. If one makes the reasonable as-
sumption that a different enzyme is required for the
formation of each linkage, the biosynthesis of xyloglucan
would theoretically require a combination of at least one
(1,4)-B-glucan synthase, three xylosyltransferases, two
galactosyltransferases, and one fucosyltransferase. Can-
didate genes encoding most of these enzymes have
been identified and partially characterized using a
combination of biochemical and genetic approaches.
Thus, a candidate gene for the (1,4)-B-glucan syn-
thase, CSLC4, has been identified in Nasturtium and
Arabidopsis (Cocuron et al., 2007). A fucosyltransferase
(FUT1) that catalyzes the addition of the terminal Fuc
residue to the xyloglucan side chain was biochemically
purified from pea (Pisum sativum), and its amino acid
sequence was used to identify an Arabidopsis gene,
FUT1 (Perrin et al., 1999). Heterologous expression of
the pea and Arabidopsis FUT1 genes demonstrated that
these encode a protein having xyloglucan fucosyl-
transferase activity (Perrin et al., 1999; Faik et al., 2000).
Screening of ethyl methanesulfonate-mutagenized
plants for aberrant cell wall formation led to the
isolation of the Arabidopsis mur3 mutant (Reiter
et al., 1997), and subsequently, MUR3 was determined
to be a xyloglucan galactosyltransferase that adds Gal
specifically to the third xylosyl residue, forming XXLG
from XXXG (Madson et al., 2003). More recently, Jensen
et al. (2012) identified a second galactosyltransferase,
XLT2, that specifically adds Gal to the middle xylosyl
residue, forming XLXG from XXXG or XLLG from
XXLG. A gene family (CAZy family GT34) containing
seven genes spread among three clades in Arabidopsis
was identified and proposed to encode putative xylo-
glucan xylosyltransferases (Faik et al., 2002). Heterolo-
gous expression of two of the genes in this family
(At3g62720 and At4g02500) demonstrated that the en-
coded proteins have xylosyltransferase activity and
were thus named XXT1 and XXT2, respectively
(Cavalier and Keegstra, 2006). These biochemical
studies demonstrated that the xyloglucan xylosyl-
transferases XXT1 and XXT2 have the same substrate-
acceptor specificity (i.e. transferring Xyl from UDP-Xyl
to cellohexaose) and are able to catalyze the substitution
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of two glycosidic residues in adjacent positions,
thereby generating GGXXGG structures.

Using a reverse genetic approach, it was demon-
strated that xxt1 xxt2 double mutant plants lack de-
tectable xyloglucan in their cell walls (Cavalier et al.,
2008), confirming that XXT1 and XXT2 are xyloglucan
xylosyltransferases and are essential for xyloglucan
formation. The lack of detectable xyloglucan in the
xxtl xxt2 double mutant plants challenges conven-
tional models for the functional organization of com-
ponents in the primary cell wall (Cavalier et al., 2008).
The same approach revealed that another member of
this family, XXT5, is also involved in xyloglucan syn-
thesis, although its activity in vitro could not be
demonstrated (Zabotina et al., 2008). While xxt1 and
xxt2 single mutant plants each has only a slight de-
crease in xyloglucan content, the xxt5 single mutant
has a 50% reduction in xyloglucan content and the
xyloglucan that is made in the mutant plant shows an
altered subunit composition (Zabotina et al., 2008).
However, the mutation in XXT5 does not eliminate the
xylosylation of any particular Glc in the xyloglucan
backbone, which suggests that the absence of XXT5
protein is compensated for, at least in part, by the
presence of the other two xylosyltransferases. The ability
of the XXT1 and XXT2 proteins to partially compensate
for the lack of XXT5 in synthesizing fully xylosylated
xyloglucan subunits raises questions about their speci-
ficity with respect to which Glc in the glucan backbone
is the target of their activity. Furthermore, it is unclear
how these three xylosyltransferases interact to synthe-
size the xyloglucan typically found in Arabidopsis cell
walls.

In order to further investigate the relationship be-
tween the XXT1, XXT2, and XXT5 proteins and their
respective roles in xyloglucan synthesis, we generated
xxtl xxt5 and xxt2 xxt5 double mutant lines as well as
the xxt1 xxt2 xxt5 triple mutant. We report here on the
comparative characterization of these plants with re-
spect to the wild type and the xxt1, xxt2, xxt5, and xxt1
xxt2 lines characterized previously. The results of these
studies provide new insights into the relationship
among the various XXT proteins and demonstrate their
different contributions to xylosylation of the glucan
backbone during xyloglucan formation.

RESULTS

Generation and Molecular Characterization of T-DNA
Insertion Mutants

To facilitate direct comparisons with xxt mutants
developed previously and characterized by Cavalier
et al. (2008) and Zabotina et al. (2008), the same trans-
ferred DNA (T-DNA) mutant lines for xxt1 (SAIL_785-
E02), xxt2 (SALK_101308), and xxt5 (GABI-Kat;
GK-411G05) were used to generate the xxt1 xxt5 and
xxt2 xxt5 double mutants as well as an xxt1 xxt2 xxt5
triple mutant. In contrast to the situation encountered
in generating the xxt1 xxt2 mutant, where the double
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mutant was recovered at a much lower frequency
than expected (Cavalier et al., 2008), we had no
problems generating the xxt1 xxt5 and xxt2 xxt5
mutants. In an attempt to avoid the abnormal seg-
regation ratios observed in the isolation of the xxt1
xxt2 mutant, we used xxt2 xxtb and xxtl xxt2 to
generate the xxt1 xxt2 xxt5 triple mutant. In a PCR
screen of 100 F2 plants, we identified five xxt1 xxt2 xxt5
mutants, which is not significantly different from an
expected recovery of approximately six plants. Finally,
as seen with the xxt1 xxt2 mutant (Cavalier et al., 2008),
we had no problems propagating the xxt1 xxt5, xxt2
xxt5, and xxt1 xxt2 xxt5 mutants.

Analysis of the xxt1 xxt2 xxt5 triple mutant com-
plementary DNA by reverse transcription (RT)-PCR
showed that there was an absence of XXT1, XXT2, and
XXT5 transcripts when gene-specific primers flanking
the T-DNA insert were used (Fig. 1). Although the xxt1
xxt2 xxt5 mutant did not produce wild-type tran-
scripts, it is possible that functional chimeric T-DNA-
XXT transcripts were being produced (Wang, 2008,
and refs. therein). To evaluate this possibility, we
employed RT-PCR analysis of the xxt1 xxt2 xxt5 mu-
tant using gene-specific primers (Supplemental Table
S1) and the respective T-DNA border primer combi-
nations (i.e. left border or right border), PCR amplicon
sequencing, and quantitative PCR to characterize the
structure and relative abundance of chimeric XXT
transcripts (Supplemental Figs. S1 and S2; Supplemental
Data S1 and Supplemental Materials and Methods S1.).

A LB LB
- —
LP1 vw
XXT1 RP1
—

XXT1 XXT2 XXT5 CSLC4

Figure 1. Analysis of the xxt7 xxt2 xxt5 T-DNA insertion mutant. A to
C, Gene models of XXT1, XXT2, and XXT5, respectively. Noncoding
regions and introns are represented by black lines; coding regions are
represented by gray boxes. The T-DNA insertion site for each gene is
indicated along with the T-DNA border. LB, Left border; LP, left primer;
RP, right primer; 2, unknown border. D, RT-PCR analysis of the wild
type (Col-0; left panel) and the xxt7 xxt2 xxt5 T-DNA insertion mutant
(right panel) using the gene-specific primers denoted in A to C that
flank the T-DNA inserts. Further details can be found in Supplemental
Data S1.
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Results from these experiments demonstrated that each
xxt transcript had a large T-DNA insert that contained
multiple stop codons in each reading frame, leading to
the conclusion that the synthesis of functional proteins
from these chimeric transcripts should not occur.

Different Levels of Severity of the Root Hair Phenotype
in Single, Double, and Triple xxt Mutants

A root hair phenotype was observed for the xxt5
single mutant, all three of the xxt double mutants, and
the triple mutant. Consistent with earlier observations
(Cavalier et al., 2008), the root hairs appear normal in
the xxt1 and xxt2 single mutants (Fig. 2). The mor-
phology of the root hairs on the double mutants and
on the triple mutant is more severe than that of the
xxt5 single mutant. The root hairs are short and thick,
fewer of them evidence a “normal” distal portion, and
some of them form bubble-like extrusions at their tips
(Fig. 2, insets). In general, root hairs on the xxtI xxt5,
xxt2 xxt5, and xxt1 xxt2 xxt5 mutants are shorter than
those on the xxt5 single mutant. Most likely, the se-
verity of root hair phenotypes in xxt mutants correlates
with cell wall defects and reflects their inability to ex-
pand properly; it seems likely that these defects are
caused by the reduction in xyloglucan levels (see below).

xxt Mutants Display Differences in Xyloglucan-Specific
Endoglucanase and Driselase-Susceptible Xyloglucan

To gain insight into how xyloglucan structure and
content are affected in the mutants, we sequentially
extracted alcohol-insoluble residue (AIR) preparations
of whole seedlings with 1 N~ KOH and 4 N KOH and
characterized the xyloglucan in each of these fractions
with two xyloglucan-specific techniques. First, we used
high-performance anion-exchange chromatography
(HPAEC) to measure the relative amounts of Driselase-
susceptible xyloglucan in each fraction. Driselase is a
mixture of exoglycosidases and endoglycosidases that
will hydrolyze most cell wall polysaccharides. Because
Driselase does not contain a-xylosidase activity, the
hydrolysis of xyloglucan releases a mixture of mono-
saccharides plus a characteristic disaccharide, iso-
primeverose [IP; Xyl-a-(1-6)-Glc], that is a diagnostic
indicator of xyloglucan (Hayashi and Maclachlan, 1984;
Popper and Fry, 2005). The levels of IP provide an es-
timate of the levels of xyloglucan present in a sample.
Second, we employed oligosaccharide mass profiling
(OLIMP; Lerouxel et al., 2002), which uses the specificity
of xyloglucan-specific endoglucanase (XEG; Pauly et al.,
1999b) and the sensitivity of matrix-assisted laser-
desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry to determine the xyloglucan oli-
gosaccharide (XGO) composition of each population
of xyloglucan.

Results from Driselase-HPAEC (Fig. 3) and OLIMP
analyses (data not shown) of the xxtI xxt2 and xxt1
xxt2 xxt5 mutants demonstrated that these plants

1369



Zabotina et al.

Figure 2. Phenotype of roots from xxt mutant A
lines and wild-type seedlings. All seedlings were
grown under the same conditions on agar plates
for 7 d as described in “Materials and Methods.”
Plates were oriented vertically in the growth
chamber. The labels at bottom left of each image
indicate the plant line shown. Root hairs in A, B,
and C were similar. Root hairs boxed in D to H
were magnified and placed in the same image to

clearly show the root hair phenotype. Bar in A = ,
200 um for all images, except the insets. Eﬁ
—

xxt1 xxt2 -\

lacked detectable xyloglucan, consistent with earlier
results with the xxt1 xxt2 mutant (Cavalier et al., 2008;
Park and Cosgrove, 2012) and leading to the conclu-
sion that deleting the XXT5 gene from this double
mutant does not restore the synthesis of xyloglucan.
However, results from Driselase-HPAEC and OLIMP
analyses of the two new double mutants showed in-
teresting changes in xyloglucan content and structure.

Results from Driselase-HPAEC analysis of AIR
preparations of the xxt1, xxt2, and xxt5 mutant seed-
lings (Fig. 3) showed reductions in Driselase-susceptible
xyloglucan content that are consistent with results
reported by Cavalier et al. (2008) and Zabotina et al.
(2008). Unlike the lack of xyloglucan in the xxt1 xxt2
mutant, measurable amounts of xyloglucan were
found in the xxt1 xxt5 and xxt2 xxt5 mutants. There
were significant differences in the amounts of IP re-
leased from total AIR and both hemicellulosic fractions
(1 N KOH and 4 N KOH) prepared from xxt5, xxt1 xxt5,
and xxf2 xxt5 plants compared with the ecotype Co-
lumbia (Col-0) wild type and xxtI and xxt2 mutants
(P < 0.01; Fig. 3). However, the differences in IP re-
leased from the xyloglucan fractions derived from the
xxth, xxtl xxt5, and xxt2 xxt5 mutants were not sig-
nificant when compared with each other (P > 0.05).
From these observations, we tentatively concluded
that the xxt5 mutant has significantly lower levels of
xyloglucan, as reported earlier by Zabotina et al
(2008), but that further disruption of either XXT1 or
XXT2 does not result in further reduction in xyloglu-
can levels.

OLIMP analysis was used to examine the impact of
the various mutations on the substitution patterns of
the XEG-accessible xyloglucan made in those mutant
plants that make xyloglucan (Fig. 4). The most im-
portant observation was that in both the xxtI xxt5 and
xxt2 xxt5 double mutants, which presumably had only
a single active xylosyltransferase protein, the full col-
lection of oligosaccharides was observed. The propor-
tion of underxylosylated oligosaccharides (XXG and
GXXG) was higher, especially in the 1 N KOH extracts
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(Fig. 4), indicating that the degree of substitution of the
backbone was reduced slightly. However, the propor-
tion of fully substituted oligosaccharides (e.g. XLFG)
was also increased over the wild type in these two
mutants, especially in the 1 N KOH extract (Fig. 4). It is
interesting that the variation in substitution patterns
among the mutants is larger in the xyloglucan extracted
with 1 N KOH (Fig. 4) than it is in the xyloglucan
extracted with 4 N KOH (Fig. 4). For example, in the
1 N KOH extracts, there were highly significant dif-
ferences (P < 0.0001) in the relative abundances of
XXG, GXXG, and XXXG between Col-0 and either the
xxth mutant or the xxt2 xxt5 mutant; however, these
same differences were less significant in the 4 N KOH
extracts (P < 0.025). These results suggest that there
may be different classes of xyloglucan synthesized,
some of which are more easily extracted from the wall
and are more affected by mutations in XXT genes and
others, more tightly bound to the wall, that appear less
affected by the xxt mutations. The biochemical basis for
these changes and the physiological significance of them
are not yet understood.

In summary, chemical characterization of the mu-
tants demonstrated that the newly generated xxt1 xxt5
and xxt2 xxt5 mutant plants, together with previously
characterized xxt5, contain significantly reduced amounts
of xyloglucan in comparison with the wild type. How-
ever, these two new double mutants, each presumably
containing only a single active xylosyltransferase protein,
retain the ability to form fully xylosylated xyloglucan
subunits.

Glycome Profiling of Cell Wall Extracts from xxt
Mutant Plants

In an effort to further understand the changes in
xyloglucan and to investigate the ways in which these
changes impact the interactions of polysaccharides within
cell walls, glycome profiling experiments using plant
glycan-directed monoclonal antibodies were performed.

Plant Physiol. Vol. 159, 2012
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Figure 3. Quantity of the Driselase-
AIR generated xyloglucan signature frag-
ment, IP, estimated by HPAEC analysis.
Results are expressed as relative am-
ounts of IP obtained after digestion of
total AIR, and soluble in T N KOH and
4 N KOH fractions prepared from mu-
tant lines in comparison with the
amount of IP obtained from the same
fraction prepared from Col-0 wild-type
plants, which was taken as 100%. One
milligram of each sample was dis-

solved in 30 ul of acetate buffer con-
taining approximately 0.5 units of
Driselase and incubated for 18 h at
37°C. The total volume of each digest
was analyzed by HPAEC. Analyses
were performed on three independent
sample preparations for each mutant
and wild-type plant. Results were av-
eraged and expressed as mean values
(n = 3 biological replications) = sp.
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To accomplish the glycome profiling, AIR prepared
from young seedlings (14 d old) of all single, double,
and the triple xxt mutants grown in liquid culture
were subjected to sequential extractions with four
increasingly harsh reagents (buffer containing a-amylase,
cyclohexane diamine tetraacetic acid [CDTA], 1 N KOH,
and 4 N KOH), and the materials solubilized at each
step were analyzed by ELISA using a broad and di-
verse collection of plant cell wall glycan-directed
monoclonal antibodies (Pattathil et al., 2010). The
buffer/a-amylase and CDTA-solubilized fractions
from all analyzed plants contained mostly pectin and
AGP-related epitopes and generally contained little
or no detectable xyloglucan or xylan epitopes, ex-
cept for wild-type and xxt1 walls, which contained
some xyloglucan epitopes in the buffer/a-amylase
extract. The fractions prepared from xxtI mutant
plants showed the same glycome profiles as the wild

type.
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Hemicellulosic fractions extracted with 1 N KOH
and 4 N KOH from the three single and two double
(xxt1 xxt5 and xxt2 xxt5) mutants show differences in
xyloglucan epitope contents (Fig. 5). A total of 28
xyloglucan-directed antibodies were used in this study
(Supplemental Table S2). These antibodies fall into
seven groups based on their reactivities against a
diverse panel of plant polysaccharides, including several
distinct xyloglucans (Pattathil et al., 2010, 2012). These
antibody groupings reflect differences in the xyloglucan
epitopes recognized. Six antibody groups are directed
against nonfucosylated xyloglucan epitopes, and one
group is directed against fucosylated xyloglucan epi-
topes. The xyloglucan epitope pattern for the xxtl
mutant shows only subtle differences to the pattern
observed in wild-type extracts, while the xyloglucan
epitope pattern in xxt2 is distinct from the wild type,
particularly in the 4 N KOH extract. The xxt5 wall ex-
tracts show a reduction in the diversity and amounts of
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Figure 4. OLIMP of XEG-digested 1T N KOH and 4 N KOH sequential
extracts of the Col-0 wild type and xxt mutants. Each XGO is named
according to the nomenclature described by Fry et al. (1993). The
relative abundance of each XGO is presented as a mean value (n = 3
biological replications) * sp.

xyloglucan epitopes, particularly in the 1 N KOH extract.
The xyloglucan epitope patterns in both the 1 N KOH
and 4 N KOH extracts prepared from xxt1 xxt5 walls are
similar to those from xxt1 walls, while xxt2 xxt5 xylo-
glucan epitope patterns are similar to those from xxt5
walls. No xyloglucan epitopes were detected with any
xyloglucan-directed antibodies in any of the extracts
prepared from xxt1 xxt2 and xxt1 xxt2 xxt5 mutant
plants, consistent with the lack of chemically detect-
able xyloglucan in these plants. The results obtained
by glycome profiling are in good agreement with
those obtained by OLIMP analysis. First, the differ-
ences observed for 1 N KOH hemicellulosic fractions
are more pronounced than those for 4 N KOH frac-
tions. Second, all xxt mutants contain the full set of
xyloglucan epitopes that were recognized by avail-
able antibodies, but the distribution of those epitopes
is different among different mutants.

The nonxyloglucan epitope distribution pattern in
the 4 N KOH extract of the xxf2 mutant was noticeably
different from the patterns observed in the equivalent
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extracts from wild-type plants and the other mutants.
An increase in diverse homogalacturonan and rham-
nogalacturonan I epitopes was detectable in the 1 N
KOH extracts of xxtl xxt2 and xxtl xxt5 walls as
compared with the equivalent extract from wild-type
walls (Fig. 5). Otherwise, few differences in the dis-
tribution patterns of nonxyloglucan epitope were de-
tectable in the glycome profiles of the other mutants in
comparison with the wild-type glycome profile. For
example, among the plants with multiple xxt muta-
tions, the xxtl xxt2 xxt5 triple mutant lacks some
rhamnogalacturonan I and arabinogalactan epitopes in
the 4 N KOH fraction, while all of the double mutants
appear to have retained these epitopes at levels com-
parable with wild-type plants. These ELISA analyses
confirmed that minimal if any quantitative compen-
satory changes in other cell wall polysaccharide epi-
topes occur in xxt mutant plants, at least as far as can
be assessed by the collection of 135 monoclonal anti-
bodies utilized in this study.

Immunolocalization of Xyloglucan Epitopes
in xxt Mutants

The results presented to this point were obtained
using averaged cell walls prepared from entire young
seedlings that were grown in liquid culture; these in-
cluded roots and hypocotyls. Hence, any organ- or cell
type-specific distribution of xyloglucans in the mu-
tants and wild-type plants cannot be assessed. To ad-
dress this important question, the distribution patterns
of several xyloglucan epitopes in the walls of roots,
hypocotyls, and stems of xxt mutant and wild-type
plants were determined using monoclonal antibodies
that recognize distinct xyloglucan epitopes (i.e. the
antibodies used belong to different groups of xylo-
glucan-directed antibodies; Supplemental Table S2).
Neither the xxt1 xxt2 double mutant nor the xxt1 xxt2
xxt5 triple mutant showed any labeling in any of the
three organs examined with any of the xyloglucan-
directed monoclonal antibodies tested (Figs. 6, 7, and
9). The mutation of XXT5 results in the nearly com-
plete absence of CCRC-M58 labeling. Otherwise, the
other mutants each showed xyloglucan epitope local-
ization patterns that are distinct from each other and
distinct from the wild-type pattern in at least one of the
three organs examined. For example, the xyloglucan
epitope localization patterns for the xxt1 mutant most
closely resemble those of the wild type, particularly in
hypocotyl and stem tissues (Figs. 7 and 9). However, in
root tissue, the xxtI mutation appears to result in a
broader distribution of the xyloglucan epitopes rec-
ognized by CCRC-M58 and CCRC-M101 (Fig. 6),
suggesting a change in xyloglucan structure in some root
cell types caused by the mutation in XXT1. Mutations in
either XXT2 or XXT5 resulted in significantly reduced or
altered labeling with all antibodies in root tissues, with
labeling being the weakest in xxt2 (Fig. 6). The xylo-
glucan epitopes recognized by CCRC-M1, CCRC-MS8S,
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Figure 5. Glycome profiling of cell wall extracts prepared from Arabidopsis Col-0 and xxt mutants. Cell walls of each plant line
were prepared from whole seedlings of Arabidopsis Col-0 wild type (WT) and all single and multiple xxt mutants grown in
liquid culture. The walls were subjected to sequential extraction with a-amylase, CDTA, 1 N KOH, and 4 N KOH as described in
“Materials and Methods.” The solubilized extracts were then screened against an array of plant glycan-directed monoclonal
antibodies (Pattathil et al., 2010) using ELISAs. The panels at right (colored boxes) depict the groups of antibodies used,
identified according to the polysaccharides predominantly recognized by each group (for additional details about the individual
antibodies used, see Supplemental Table S2). The extent of antibody binding is represented as a colored heat map, with the
brightest yellow depicting the strongest binding and black depicting no binding.

and CCRC-M101 appear to be most persistent in root
hairs of xxt mutants. However, the presence of these
xyloglucan epitopes in root hairs appears insufficient to
convey full functionality to the xyloglucan in its role in
wall integrity in this cell type, inasmuch as the xxt5
single mutant and all plants carrying multiple xxt mu-
tations show defects in their root hairs (Fig. 2). In the
double mutants that still produced xyloglucan, the root
labeling pattern of xxt1 xxt5 resembles that of xxt2, while
xxt2 xxt5 shows only residual labeling of root hairs.

Plant Physiol. Vol. 159, 2012

In hypocotyl tissues, antibody labeling is essentially
absent in xxt5, while labeling in xxt1 closely resembles
the wild-type labeling patterns (Fig. 7). The hypocotyl
labeling patterns observed in xxt2 showed increased
labeling compared with the wild type for three of the
xyloglucan-directed antibodies used (CCRC-M58 [Fig.
7]; CCRC-M48 and CCRC-M100 [data not shown]) but
no change in labeling with the other three such anti-
bodies (CCRC-M1, CCRC-MS88, and CCRC-M101), per-
haps reflecting a change in the epitope composition of
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Figure 6. (Figure continues on follow-
ing page.)

CCRC-M1

CCRC-M58

CCRC-M88

CCRC-M101

the xyloglucan made in the hypocotyls of xxt2 plants.
All xxt mutant combinations resulted in the absence of
labeling with any xyloglucan-directed antibody tested
in the hypocotyl. We examined whether the presence
of homogalacturonans, which are particularly prom-
inent in hypocotyl tissues, might affect the patterns of
antibody binding to xyloglucan through possible
masking effects (Marcus et al,, 2008). Treatment of
wild-type hypocotyl sections with a purified pectate
lyase did not alter the observed xyloglucan epitope
distribution patterns with any of the xyloglucan-directed
antibodies used (compare Figs. 7 and 8), although this
treatment did eliminate almost all homogalacturonan
epitopes recognized by the JIM5 antibody (Fig. 8).
Thus, we observed no homogalacturonan-masking
effects in our studies.

In the stem, the knockout of XXT1 did not appear
to affect the labeling pattern with xyloglucan-directed
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antibodies (Fig. 9). The antibody labeling patterns in
xxt2 and xxt5 stems are distinct from the wild type,
with the reduction in labeling being more severe in
xxt5. Specifically, the xyloglucan epitopes recognized
by CCRC-M1 and CCRC-M58 that are made in epi-
dermal and primary xylem and phloem cells in the
wild type are dramatically reduced in the xxt2 mutant.
In the two double mutants that still produce xyloglu-
can, the antibody labeling pattern in xxt1 xxt5 stems
resembles that observed in xxt5, while only CCRC-
M101 shows significant labeling in xxt2 xxt5 stems.
In summary, the results from these immunological
studies demonstrate that the impact of mutations in
XXT genes, either alone or in combination, on xylo-
glucan epitope distribution patterns varies depending
on the organ, tissue, and even cell type. Thus, among
the single mutants, the knockout of XXT?2 has the most
dramatic effect on xyloglucan synthesis in roots, while
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a knockout of XXT5 has the most dramatic effect in
hypocotyls. The hypocotyl is the most sensitive organ
to knockout of multiple XXT genes. In the other organs
examined, mutations in both XXT2 and XXT5 result in
a more dramatic change in xyloglucan epitope quan-
tity and distribution than do mutations in both XXT1
and XXT5. The effect of mutations in XXT genes is
further dependent on the specific cell types being ex-
amined within each organ.

DISCUSSION

Previous studies on the xylosylation of the xyloglu-
can backbone in Arabidopsis demonstrated that three
genes, two encoding xylosyltransferases XXT1 and XXT2
and a third encoding a putative xylosyltransferase,
XXTS5, are involved in this process (Cavalier and Keegstra,
2006; Cavalier et al., 2008; Zabotina et al., 2008). In this
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Figure 6. Immunofluorescence label-
¥ ™ ing of transverse sections of roots taken
re A from 6-d-old seedlings of wild-type

A Col-0 (WT) and all xxt mutant plants
using selected xyloglucan-directed an-
tibodies. Toluidine blue-stained sec-
tions of wild-type and mutant lines
show the overall root morphology from
left to right. The xyloglucan-directed
antibodies used (CCRC-M1, CCRC-
M58, CCRC-M88, and CCRC-M101)
recognize distinct xyloglucan epitopes
and are identified with labels in the
wild-type images. Bars = 50 um for all
images.

/

xxt1 xthzgxt_&
= A

study, we further explored the role of these proteins in
xyloglucan biosynthesis by creating the additional double
mutant lines xxt1 xxt5 and xxt2 xxt5 as well as the triple
mutant line xxt1 xxt2 xxt5. In addition, a powerful tech-
nique, glycome profiling, was used for investigating the
impact of mutations in these genes, either singly or in
combination, on cell wall composition (Fig. 5). Finally, a
suite of xyloglucan-directed antibodies recognizing dif-
ferent xyloglucan epitopes were used to investigate the
impact of these mutations on xyloglucan epitope dis-
tribution patterns in roots (Fig. 6), hypocotyls (Figs. 7
and 8), and stems (Fig. 9). As described in more detail
below, these studies led to new insights into the complex
process of xyloglucan biosynthesis and the potential
contributions of three main xylosyltransferases in-
volved in this process.

Several different techniques were used to characterize
the xyloglucans present in the various xxt mutants. The
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Figure 7. (Figure continues on follow-
ing page.)

CCRC-M101

advantage of using different experimental strategies for
xyloglucan characterization is that the different methods
can provide complementary information. However, one
needs to exercise caution in comparing the data from the
different experimental approaches. For example, not all
of the data are directly comparable, in part because not
all of the data are equally quantitative. Another issue is
that some methods give averages of information about
xyloglucans from several different cell, tissue, and organ
types (Figs. 3-5), while other methods provide infor-
mation about xyloglucans in specific cell types (Figs.
6-9). Additionally, the composition of xyloglucans can
vary depending on the developmental stage of the plant
or the organs/tissues being analyzed. Thus, results ob-
tained with one set of plants cannot always be directly
compared with studies performed on different plant
material. Nonetheless, the use of multiple complemen-
tary approaches provides a more detailed picture of the
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consequences of mutations in one or more XXT genes
than can be obtained using a single approach.

One powerful strategy used in this study is an im-
munological form of glycome profiling (Pattathil et al.,
2012) that was used to characterize the changes in cell
wall composition and polysaccharide extractability in
the xxt mutants (Fig. 5). This method utilizes a large
and diverse toolkit of monoclonal antibodies (Pattathil
et al., 2010) that includes antibodies directed at mul-
tiple epitopes on each of the major noncellulosic plant
cell wall polysaccharides, except rhamnogalacturonan
I, and thus provides a broad overview of plant cell
wall structure and composition. Application of this
semiquantitative approach for the characterization
of xxt mutants confirmed the absence of detectable
xyloglucan epitopes in both the xxt1 xxt2 double mutant
and the xxt1 xxt2 xxt5 triple mutant (Fig. 5). More in-
terestingly, the different glycome profiles for each xxt
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mutant provide evidence that each mutation or combi-
nation of mutations in the XXT genes results in unique
changes to the cell walls of the affected plants (Fig. 5).
For example, the xyloglucan epitope profiles (the top
seven colored boxes at the top of the heat maps) were
altered to differing degrees from the wild-type pro-
file in each of the single mutants. Meanwhile, there
was little change overall in the glycome profiles in
other polysaccharide classes in these plants. It should
be noted that glycome profiling, by itself, does not
provide quantitative information about the total cell
wall content of each polysaccharide. The glycome profiles
do reveal changes in the extractability of polysaccharides
other than xyloglucan in some of the multiple mutants.
These new detailed analyses of polysaccharide epitope
compositions show remarkably few changes in the cell
walls of the xxt mutants outside of the clearly observable
changes in xyloglucan content and epitope composition.
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Xxt1 xxt2 xxt5 Figure 7. Immurloﬂuorescence labeling
’_f;’rf o5 of transverse sections of hypocotyls from

wild-type Col-0 (WT) and all xxt mutant
plants using selected xyloglucan-directed
antibodies. Toluidine blue-stained sec-
tions of wild-type and mutant lines show
the overall hypocotyl morphology from
left to right. The xyloglucan-directed an-
tibodies used (CCRC-M1, CCRC-M58,
CCRC-M88, and CCRC-M101) recognize
distinct xyloglucan epitopes and are id-
entified with labels in the wild-type im-
ages. Bars = 50 um for all images.

Immunohistochemical analyses are not quantitative
and lack the resolution of glycome profiling performed
on extracted polysaccharide fractions, but they do
provide information on the distribution of specific epi-
topes in different cells, tissues, and organs. Given that
the predominant changes observed in cell wall compo-
sition in the xxt mutants were in the xyloglucan com-
ponent and that previous immunohistochemical studies
of some xxt mutants had shown no changes in the
nonxyloglucan epitope distribution patterns (Cavalier
et al., 2008), further immunohistochemical studies were
performed using only a set of antibodies directed
against diverse xyloglucan epitopes. Organ/cell-specific
differences in the effects of mutations in the various XXT
genes were observed. For example, in hypocotyls, at
least two xylosyltransferases must be present for any
xyloglucan to be made (Fig. 7), with XXT5 being the
most important contributor to xyloglucan synthesis
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JIM5 after PL

Figure 8. Effect of pectate lyase treatment of hypocotyl sections on
xyloglucan and homogalacturonan labeling patterns. With the ex-
ception of the JIM5 section, which was treated with CAPS buffer only
as a control, sections were treated with pectate lyase (PL) in CAPS
buffer (pH 10) for 2 h at room temperature followed by immunolab-
eling with the indicated antibodies. No differences in the immuno-
labeling patterns were observed with xyloglucan-directed antibodies
compared with those shown in Figure 7. Homogalacturonan epitopes
recognized by JIM5 were almost completely removed from the sec-
tions after pectate lyase treatment compared with the control labeling
with JIM5. Bar = 50 um for all images.

in most cells in this organ (Fig. 7). In roots, on the
other hand, XXT2 appears to be the dominant con-
tributor to xyloglucan synthesis, particularly in tri-
choblasts and root hairs (Fig. 6). In stems, both XXT2
and XXT5 play important roles in xyloglucan syn-
thesis, although XXT2 appears to be more dominant
in some cell types (e.g. epidermal cells; Fig. 9). Mu-
tation of either XXT2 or XXT5 results in the synthesis
of xyloglucan with an altered epitope composition,
and even here, the effect is not the same in all cell
types in stem (Fig. 9).

The simplest explanation of these observations is
that the three XXT genes have different patterns of
expression in different plant organs and in different
cell types within those organs. Therefore, mutations in
individual XXT genes lead to different impacts on
xyloglucan structure and content in the different cells,
depending on whether a nonmutated XXT gene en-
coding an active glycosyltransferase is expressed in
sufficient amounts to compensate for the mutated
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gene. This interpretation is supported by the gene
expression data gathered from publicly available
transcriptomic databases (Fig. 10), where XXT2 has
about a 2-fold higher level of expression than XXT1
and XXT5 at all stages of development and these latter
two genes generally show comparable levels of ex-
pression (Fig. 10). However, if one looks in more detail
at different tissues and organs at various stages of
development, the various genes sometimes invert with
respect to their expression levels (Schmid et al., 2005;
http:/ /www.weigelworld.org/resources/microarray/
AtGenExpress/). While the differing expression levels
may explain the complex changes in xyloglucan levels
that are observed (Figs. 6, 7, and 9), care needs to be
exercised in attempting to explain the observed pat-
terns. The transcript levels do not necessarily corre-
late with protein levels, and even if they do, the
levels of the various XXT proteins do not necessarily
correlate with xyloglucan levels or xyloglucan epi-
tope composition. It is very possible, even likely, that
xyloglucan levels are controlled by several types of
regulation beyond transcription of the genes needed
for xyloglucan biosynthesis. For example, the activity
of various proteins may be modulated by posttrans-
lational modifications or by the availability of the
required substrates.

The chemical and glycome profiling data reported
here for xyloglucan from the various mutants (Figs. 3-5),
when combined with the biochemical characterization
of the various XXT proteins (Cavalier and Keegstra,
2006; Zabotina et al., 2008), allow some preliminary
conclusions regarding the roles of the three proteins
during xyloglucan biosynthesis. One simple hypothesis
can be eliminated. Given that xyloglucan contains three
different xylosyl residues and that three different pro-
teins (i.e. XXT1, XXT2, and XXT5) are involved in pro-
ducing xyloglucan, the simplest hypothesis is that each
enzyme is responsible for adding a different xylosyl
residue. This hypothesis appears to hold true for the
addition of galactosyl residues to xyloglucan, where
different genes encode the two isoforms of the en-
zyme that adds the two different galactosyl residues
(Madson et al., 2003; Jensen et al., 2012). However,
the combined data presented here argue strongly
against the application of this hypothesis to Xyl ad-
dition. This can be seen most clearly by examining
the structure of the xyloglucan recovered from either
of the two double mutants, xxt1 xxt5 or xxt2 xxt5.
While both double mutants produced reduced levels
of xyloglucan (Fig. 3), when the XGOs derived from
the xyloglucans in each mutant are examined, all
of the XGOs are present, although the proportions of
them differ between the mutants (Fig. 4), and the
xyloglucan epitope composition and distribution
patterns are also different among the mutants (Figs.
5-7 and 9). If one assumes that only these three proteins
are involved in xyloglucan biosynthesis (for caveats, see
below), then in each double mutant only a single active
protein is left (XXT1 in the xxt2 xxt5 double mutant and
XXT2 in the xxt1 xxt5 double mutant). Thus, if these
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assumptions are correct, either XXT1 or XXT2 is capable
of adding all three of the xylosyl residues present in
xyloglucan. Such a conclusion is also supported by the
immunohistochemical data reported here and the
biochemical data obtained previously, which show that
XXT1 and XXT2 have equivalent activities in vitro
(Cavalier and Keegstra, 2006).

A second important conclusion derived from our
results, in combination with those presented earlier, is
that either XXT1 or XXT2 is required for xyloglucan
biosynthesis. Although this conclusion was reached in
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xxt5 Iflgure 9. (Figure continues on follow-
LT ing page.)

earlier work (Cavalier et al., 2008; Park and Cosgrove,
2012) on the xxt1 xxt2 double mutant, it is further
reinforced by the absence of detectable xyloglucan in
the xxt1 xxt2 xxt5 triple mutant. More importantly, the
other two double mutants, xxt1 xxt5 and the xxt2 xxt5,
are able to produce xyloglucan, although in reduced
quantities and with altered composition. Thus, one can
conclude that the XXT5 protein by itself cannot add the
xylosyl residues of xyloglucan in the same way as the
XXT1 or XXT2 protein (see above). This is a particu-
larly intriguing conclusion in that when the various
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Figure 9. Immunofluorescence label-
ing of transverse sections of basal parts
of inflorescence stems taken from
6-week-old wild-type Col-0 (WT) and
all xxt mutant plants using selected
xyloglucan-directed antibodies. Tolui-
dine blue-stained sections of wild-type
and mutant lines show the overall stem
morphology from left to right. The
xyloglucan-directed antibodies used
(CCRC-M1, CCRC-M58, CCRC-M88,
and CCRC-M101) recognize distinct
xyloglucan epitopes and are identified
with labels in the wild-type images.
Bars = 50 um for all images.

xxt1 xxt2

single mutants are compared (Figs. 3-5), the most
dramatic reduction in xyloglucan levels and the most
dramatic changes in xyloglucan oligosaccharide and
epitope profiles are seen in the xxt5 mutant. Thus,
while the XXT5 protein itself does not seem capable
of adding xylosyl residues to the xyloglucan backbone in
vivo, elimination of its function causes the most dramatic
impact on xyloglucan biosynthesis. Sequence alignment
and molecular modeling of the three-dimensional struc-
ture showed some significant differences between XXT5
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and two other xylosyltransferases (data not shown).
Thus, XXT5 has a significantly shorter predicted stem
region and eight amino acids localized downstream
of the predicted DXD motif differ from those in XXT1
and XXT2 proteins, creating a more basic environment
for the XXT5 catalytic site, which could potentially affect
its catalytic ability. It is also interesting that earlier
attempts to demonstrate xylosyltransferase activity for
XXT5 in vitro were unsuccessful (Zabotina et al., 2008).
Indeed, the absence of any detectable xyloglucan in plants
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where both XXT1 and XXT2 are lost is consistent with an
absence of catalytic function for XXT5. One intriguing
possibility is that the function of XXT5 is to maintain the
integrity of a synthetic complex involved in xylosylation
of the glucan backbone during xyloglucan formation
rather than to function as a xylosyltransferase. An anal-
ogous role for the GAUT7 gene in homogalacturonan
synthesis has recently been proposed (Atmodjo et al.,
2011). In the presence of XXT5, XXT1 and XXT2 can
partially or mostly substitute for each other in xylo-
glucan synthesis, while in the absence of XXT5, the
integrity of the complex and the efficiency of xylosyla-
tion are compromised, and hence xyloglucan synthesis
drops and xylosylation is less complete.

The conclusions regarding the roles of the XXT
proteins in xyloglucan biosynthesis depend upon the
assumption that normal xyloglucan is produced by the
action of the three XXT proteins under study here,
XXT1, XXT2, and XXT5. However, there are some ca-
veats that need to be mentioned regarding this assump-
tion. Specifically, the CAZy family GT34, containing the
genes encoding the three XXT proteins, has seven
members in Arabidopsis (Keegstra and Cavalier, 2011).
Two members of this family (At4g37690 and At2g22900)
are more closely related to the galactomannan galac-
tosyltransferases identified by Edwards et al. (1999) and
therefore are likely to have galactosyltransferase ac-
tivity (Keegstra and Cavalier, 2011). Two other
members of this family (At1g18690 and At5g07720) are
expressed at very low levels in all developmental
stages and in all tissues that were examined (Fig. 10;
Schmid et al.,, 2005; http://www.weigelworld.org/
resources/microarray / AtGenExpress/) and therefore
are unlikely to contribute significantly to xyloglucan
biosynthesis. Thus, it seems likely that xyloglucan
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biosynthesis is performed mainly, if not exclusively, by
the proteins encoded by the three genes analyzed in
this study.

Even if this assumption is correct, some important
questions remain to be answered. As noted above, the
three genes are expressed in the majority of plant tis-
sues, but with different levels of expression. However,
it is not clear that all three proteins are present in every
cell that is performing xyloglucan biosynthesis. Even if
all three are present, the stoichiometry of the three
proteins in the Golgi membrane needs to be deter-
mined; the stoichiometry may vary considerably from
one cell type to another. Finally, another important
issue is whether these proteins form a complex with
the CslC protein that is thought to synthesize the
glucan backbone of xyloglucan (Cocuron et al., 2007)
and what ratio of XXT proteins to CslC proteins is
needed to form a functional complex. It is tempting to
speculate that the structure of this complex within the
Golgi membrane plays an important role in determin-
ing the regular Xyl substitution patterns that are ob-
served in xyloglucan. These ideas form the basis of
interesting hypotheses that can be tested in future work.

Another important question that remains unre-
solved is how plants develop normally in the absence
of detectable xyloglucan and without any apparent
large-scale compensatory increase in other cell wall
polysaccharides. Assessment of cell wall structure in
wild-type and xxt1 xxt2 xxt5 mutant plants by solid-
state NMR (Dick-Pérez et al., 2011) demonstrated
extensive surface interaction between pectin and cel-
lulose microfibrils. This is consistent with the recent
results of Park and Cosgrove (2012), who concluded
that both pectic polysaccharides and xylans have an
enhanced role in controlling wall mechanical properties
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in tissues from the xxt1 xxt2 double mutant that lacks
detectable xyloglucan. In addition, cellulose microfibrils
were observed to be thicker and spaced farther apart in
the double (Anderson et al., 2010) and triple (Dick-Pérez
et al.,, 2011) mutants when compared with wild-type
plants. Therefore, it is possible that cell walls undergo
rearrangements in polysaccharide interactions in the
absence of xyloglucan without substantially increasing
the synthesis of any other wall component.

MATERIALS AND METHODS
Plant Material, Growth Conditions, and Genetic Analysis

The xxt1 xxt5 and xxt2 xxt5 double knockout lines of Arabidopsis (Arabidopsis
thaliana) were generated by crossing homozygous xxt1 and xxt5 or xxt2 and xxt5
mutants obtained and characterized earlier (Cavalier et al., 2008; Zabotina et al.,
2008). The xxt1 xxt2 xxt5 triple knockout line was generated by crossing ho-
mozygous xxt2 xxt5 and xxt1 xxt2 mutants, the latter of which was obtained
earlier (Cavalier et al., 2008). The F1 generations were allowed to self-fertilize,
and PCR screens using gene- and T-DNA-specific primers were performed to
identify double and triple knockout plants (Supplemental Table S1).

The T-DNA insertion mutants generated in this study are available from
the Arabidopsis Biological Resource Center (seed stock nos. CS67826 [xxt1
xxt5], CS67827 [xxt2 xxt5], and CS67828 [xxt1 xxt2 xxt5]).

For biochemical analysis, seeds of homozygous lines and the Col-0 wild
type were germinated in liquid medium and grown as liquid culture (0.5X
Murashige and Skoog basal medium containing 2% [w/v] Suc) shaken at
130 rpm for 14 d at 22°C and in 16-h-light/8-h-dark conditions. After 14 d, the
seedlings were washed with deionized water to remove the medium, frozen,
and stored at —80°C until they were analyzed.

For immunolabeling experiments and for root hair phenotype observation,
the seeds were surface sterilized, germinated, and grown in sterile petri dishes
on 1% (w/v) agar containing Murashige and Skoog basal salt medium and 1%
(w/v) Suc at pH 6.9. The petri dishes were oriented vertically and were
maintained at 23°C under long-day conditions.

For studies of the root hair phenotype, roots of 7-d-old seedlings were
examined and photographed using a Spot Pursuit camera (Diagnostic In-
struments) attached to an Insight Point model 16.4 microscope (Meridian).

Cell Wall Isolation and Fractionation for ELISAs

AIR cell wall material from all mutants and wild-type plants was prepared
as described (Harholt et al., 2006) and fractionated into a pectin-enriched
fraction, hemicellulose-enriched fractions, and cellulose according to Pauly
et al. (1999a). In brief, etiolated seedlings grown in liquid culture were ground
in liquid nitrogen, suspended in 80% (v/v) ethanol, and incubated for 1 h at
80°C. The cooled samples were homogenized using a Polytron and centri-
fuged; the pellets were washed twice with 80% (v/v) ethanol, incubated with
a mixture of chloroform and methanol (1:1, v/v) for 30 min, and filtered. The
pellet was then washed three times with acetone and air dried. The dry pellet
was suspended in 100 mm phosphate buffer containing a-amylase (type IIA;
Sigma) with gentle stirring for 48 h, and the supernatant was collected by
centrifugation and used for ELISA. Pectins were extracted from the a-amylase-
treated pellet by incubation overnight in 50 mm CDTA, pH 7.5, containing
0.02% (w/v) thimerosal. The isolation of hemicellulose-enriched wall fractions
was performed by sequential extraction of the CDTA pellet with 1 N KOH and
4 N KOH, each containing 0.1% (w/v) NaBH,. After neutralization with acetic acid,
the alkali-soluble fractions and CDTA extracts were dialyzed against water, dried
by lyophilization, and kept in sealed containers at —20°C for further analysis.

Driselase Digestion of Cell Wall Preparations
and Analysis by HPAEC

AIR and hemicellulosic fractions (1 N KOH and 4 N KOH) prepared from all
mutant and wild-type plants (1 mg each) were homogenized in 0.3 mL of
20 mMm Na-acetate buffer (pH 5.0), approximately 0.5 units of Driselase (par-
tially purified according to Fry [1988])) was added, and the mixtures were
incubated at 37°C for 48 h. The reaction was terminated by heating at 100°C
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for 10 min, and insoluble material was removed by filtration through 0.22-um
filters. HPAEC-pulsed-amperometric detection of the oligosaccharides gener-
ated after Driselase treatment was performed on an ICS system (Dionex)
equipped with a gradient pump, pulse-amperometric detector, and a Carbo-
Pac PA1 column. IP and xylan disaccharides were separated using a gradient
that ranged from 0.1 N NaOH (A) to 100 mm Na-acetate in 0.1 N NaOH (B) at
1 mL min~! under the following conditions: 0 to 15 min, 100% A; 15 to 40 min,
from 0% to 100% B. Xyloglucan from tamarind (Tamarindus indica) seeds
(Megazyme) treated with Driselase under the same conditions was used as a
control.

OLIMP

The 1 N KOH and 4 N KOH fractions prepared from all mutant and wild-
type plants grown in liquid culture were analyzed by OLIMP according to
previously published methods (Lerouxel et al., 2002; Obel et al., 2006). The dry
fraction (approximately 20 ug) was suspended in a 50 uL of 100 mm ammo-
nium formate buffer, pH 4.5, containing 0.02 units of purified recombinant
XEG (EC 3.2.1.151; Pauly et al., 1999b) and incubated at 37°C for 18 h. The
reactions were centrifuged to pellet undigested material, and the supernatant
containing soluble XGOs was removed and dried in a Speed-Vac. The released
XGOs were dissolved in 6 uL of water containing approximately 10 beads of
Bio-Rex MSZ 501(D) resin (Bio-Rad) to remove buffer salts. One microliter of
the oligosaccharide solution was spotted onto a MALDI-TOF sample plate
containing vacuum-dried 2,5-dihydroxybenzoic acid (10 mg mL™"; 1 uL per
well) and dried under vacuum. Spectra of the samples were analyzed on a
Voyager DE-Pro MALDI-TOF-mass spectrometry instrument in positive re-
flection mode with an acceleration voltage of 20 kV and an extraction delay
time of 350 ns. Custom PERL-based software was used to calculate the relative
area of each XGO ion peak and to perform pairwise comparisons and Student’s
test of the respective XGO peak areas from mutant and wild-type samples.

Total Sugar Estimation and ELISA

Cell wall extracts were dissolved in deionized water (0.2 mg mL™Y), and
total sugar contents of cell wall extracts were estimated using the phenol-
sulfuric acid method (Dubois et al., 1956; Masuko et al., 2005). All solubilized
fractions were adjusted to an equal amount of total carbohydrate content prior
ELISA. Cell wall extracts (60 ug sugar mL™") were applied to the wells of
96-well ELISA plates (Costar 3598) at 50 uL per well and allowed to evaporate
to dryness overnight at 37°C. A Biotek robotic system was used to perform
fully automated ELISAs using a series of 135 monoclonal antibodies directed
against diverse plant cell wall carbohydrate epitopes (Pattathil et al., 2010,
2012). ELISA data are presented as heat maps (glycome profiles) in which the
antibody groups are based on a hierarchical clustering analysis of the antibody
collection that groups the antibodies according to their binding patterns to a
panel of diverse plant glycans (Pattathil et al., 2010).

Monoclonal Antibodies

Monoclonal antibodies were obtained as hybridoma cell culture superna-
tants from laboratory stocks at the Complex Carbohydrate Research Center
(available from CarboSource Services [http:/ /www.carbosource.net]). A de-
tailed list of the antibodies used, grouped according to the polysaccharide
primarily recognized by the antibodies (Pattathil et al., 2010), is provided in
Supplemental Table S2, which also includes links to a database, WallMabDB
(http:/ /www.wallmabdb.net), containing more detailed information about
each antibody.

Tissue Fixation, Immunolabeling, and Microscopy

Immunohistochemistry was done on semithin sections (250 nm) taken from
roots and hypocotyls collected from 7-d-old seedlings grown on agar plates and
from inflorescence stems of 6-week-old plants. Tissue fixation, immunolabel-
ing, and fluorescent light microscopy were done as described previously
(Pattathil et al., 2010; Avci et al., 2012). In some cases, before immunolabeling,
sections were treated with purified pectate lyase A (EC 4.2.99.3 from Asper-
gillus niger [Benen et al., 2000]; 16 ug mL ! [obtained from Carl Bergmann
at the Complex Carbohydrate Research Center] in CAPS buffer [50 mm
3-(cyclohexylamino)propanesulfonic acid, 2 mm CaCl,, pH 10]) for 2 h at
room temperature followed by three washes in CAPS buffer (5 min each
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wash). After enzyme treatment, immunolabeling of the sections was carried
out as described (Pattathil et al., 2010; Avci et al., 2012).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers 2081625 (XXT1), 2132293 (XXT2), and
2019090 (XXT5).

Supplemental Data

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

Supplemental Figure S1. RT-PCR characterization of xylosyltransferase
transcripts.

Supplemental Figure S2. Relative expression of chimeric transcripts.
Supplemental Table S1. Primers used for PCR analyses.
Supplemental Table S2. Monoclonal antibodies included in this study.
Supplemental Data S1. Col-0 and mutant transcript characterization.

Supplemental Materials and Methods S1. Col-0 and mutant transcript
characterization.
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