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Xyloglucan is the main hemicellulose in the primary cell walls of most seed plants and is thought to play a role in regulating
the separation of cellulose microfibrils during growth. Xylose side chains block the degradation of the backbone, and
a-xylosidase activity is necessary to remove them. Two Arabidopsis (Arabidopsis thaliana) mutant lines with insertions in the
a-xylosidase gene AtXYL1 were characterized in this work. Both lines showed a reduction to undetectable levels of a-xylosidase
activity against xyloglucan oligosaccharides. This reduction resulted in the accumulation of XXXG and XXLG in the liquid
growth medium of Atxyl1 seedlings. The presence of XXLG suggests that it is a poor substrate for xyloglucan g-galactosidase.
In addition, the polymeric xyloglucan of Atxyl1 lines was found to be enriched in XXLG subunits, with a concomitant decrease
in XXFG and XLFG. This change can be explained by extensive exoglycosidase activity at the nonreducing ends of xyloglucan
chains. These enzymes could thus have a larger role than previously thought in the metabolism of xyloglucan. Finally, Atxyl1
lines showed a reduced ability to control the anisotropic growth pattern of different organs, pointing to the importance of
xyloglucan in this process. The promoter of AtXYLI was shown to direct expression to many different organs and cell types

undergoing cell wall modifications, including trichomes, vasculature, stomata, and elongating anther filaments.

The primary wall that surrounds the growing cells
of plants has to be able to extend in response to turgor
pressure. This process needs to be tightly regulated to
avoid a mechanical failure of the wall. The direction of
expansion also needs to be controlled so that different
cell types can develop their particular morphology. In
addition, the growth of the different tissues in an
organ has to be tightly coordinated so that it can
achieve its final shape (Baskin, 2005). The mechanical
behavior of the expanding cell wall has been likened to
a fiber-reinforced composite, with crystalline cellulose
microfibrils embedded in an amorphous matrix of
hemicellulose and pectin. How this works at the
molecular level is still the subject of much research
and speculation (Geitmann and Ortega, 2009).

Xyloglucan is the main hemicellulose in the primary
cell walls of gymnosperms and most angiosperm
families and is present in all extant groups of land
plants, although with some differences in structure
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(Pena et al.,, 2008; Scheller and Ulvskov, 2010). All
these xyloglucans have a backbone of (1—4)-linked
B-D-glucopyranosyl residues, many of which are
substituted with a-D-xylopyranosyl residues at O6. In
many vascular plants, including Arabidopsis (Arabi-
dopsis thaliana), every fourth glucosyl residue of the
xyloglucan backbone is unsubstituted (Vincken et al.,
1997). In the standard nomenclature for xyloglucan
structures, these residues are represented by G, while X,
L, and F indicate Glc residues substituted, respectively,
with a-p-Xylp, B-p-Galp-(1 — 2)-a-D-Xylp, and a-L-Fucp-
(1—2)-B-p-Galp-(1— 2)-a-D-Xylp side chains (Fry et al.,
1993). Conventionally, the reducing end of the molecule
is positioned to the right. Treatment of Arabidopsis
xyloglucan with an endoglucanase that attacks unsub-
stituted residues results in oligosaccharide mixtures
that include XXG, GXXG, XXXG, XXLG, XLXG, XLLG,
XXFG, and XLFG, with some of the Gal residues
O-acetylated (Madson et al., 2003; Obel et al., 2009).
Although the detailed arrangement and possible
connections of the different components of primary
cell walls are still unclear, xyloglucan chains are long
enough to attach simultaneously to neighboring mi-
crofibrils and thus could generate resistance to cell
wall extension (Obel et al., 2007). There is also consid-
erable evidence for the covalent linkage of xyloglucan
to the pectic polysaccharide rhamnogalacturonan I
(Popper and Fry, 2008). The attachment of xyloglucan
to cellulose microfibrils is based on hydrogen bonds,
and it might be controlled by expansin proteins
(Cosgrove, 2005). Xyloglucan connections between
microfibrils could also be broken or created by en-
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zymes in the xyloglucan transglycosylase/hydrolase
(XTH) family (Nishitani and Vissenberg, 2007). These
enzymes cleave xyloglucan chains in front of unsub-
stituted Glc residues and stay covalently bound to this
residue, forming an enzyme-donor complex (Johansson
et al., 2004). They can later attach the Glc residue to the
nonreducing end of another xyloglucan molecule,
acting as xyloglucan endotransglucosylases (XETs). A
group of XTHs can also use water as an acceptor,
acting as xyloglucan endohydrolases, but they seem to
be a minority (Baumann et al., 2007; Ekl6f and Brumer,
2010). It is unclear at the moment if endoglucanases
from other families are involved in xyloglucan metab-
olism (Lopez-Casado et al., 2008).

The importance of xyloglucan as a regulator of cell
wall extension has been thrown into doubt by the
identification of an Arabidopsis mutant that has no
detectable xyloglucan but still manages to develop
normally (Cavalier et al.,, 2008). Apart from being
slightly smaller, this mutant has defective root hairs,
but it seems clear that Arabidopsis must have alter-
native ways of regulating the separation of cellulose
microfibrils. It is interesting nonetheless that microfi-
brils seem to be more irregularly spaced in the
xyloglucan-deficient mutant (Anderson et al., 2010).

The end result of endoglucanase activity on xylo-
glucan is the release of oligosaccharides with an
unsubstituted Glc at the reducing end. Specific exo-
glycosidase activities are then necessary to release
each type of residue (Iglesias et al., 2006). a-Xylosidase
activities in both pea (Pisum sativum) and Tropaeolum
majus can only remove unsubstituted Xyl residues
from the nonreducing end of the molecule (O’Neill
et al., 1989; Fanutti et al., 1991). A B-glucosidase is then
required to remove the unsubstituted Glc before
a-xylosidase can act again (Crombie et al., 1998).
B-Galactosidase and a-fucosidase activities are also
required for the complete disassembly of the different
Arabidopsis oligosaccharides (Edwards et al., 1988;
Léonard et al., 2008). There is currently no information
on the enzymes that might be involved in xyloglucan
deacetylation or on how the presence of acetyl resi-
dues affects exoglycosidases.

The Arabidopsis gene AtXYL1 (Atlg68560) was
identified as coding for an a-xylosidase activity
against xyloglucan oligosaccharides by the similarity
of its product to purified cabbage (Brassica oleracea var
capitata) a-xylosidase (Sampedro et al, 2001). The
identification was confirmed through heterologous ex-
pression in yeast. According to the Carbohydrate Active
Enzymes database (http://www.cazy.org/), AtXYL1
is a member of glycosyde hydrolase family 31, which
includes mainly a-glucosidases and a-xylosidases
(Cantarel et al., 2009). A reduction of up to 70% of
a-xylosidase activity was reported in antisense lines
where AtXYL1 was silenced, but this reduction did
not cause changes in morphology (Monroe et al,
2003). This article presents the characterization of two
independent insertional mutants in AtXYL1 that have
no detectable a-xylosidase activity and show remark-
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able changes in xyloglucan composition along with
alterations in the growth pattern.

RESULTS
Atxyll Mutants Are Deficient in a-Xylosidase Activity

Homozygous lines of two independent insertional
mutants in the Atxyll gene (At1g68650) were charac-
terized in this work. Atxyl1-1 was found in the col-
lection of the Arabidopsis Knockout Facility at the
University of Wisconsin Biotech Center (Krysan et al.,
1999). This mutant is in the Wassilewskija genetic
background, and the insertion is located within the
third exon, as determined by the sequence of the
border region (Fig. 1A). The second mutant, Atxyl1-2,
has a Columbia background and was obtained from
the GABI-KAT collection (Rosso et al.,, 2003). The
insertion is located within the second exon (Fig. 1A).
The phenotypes of both insertional lines were com-
pared with that of lines lacking the insertion segre-
gated from the same populations.

In both Atxyl1-1 and Atxyl1-2, a-xylosidase activity
against XXXG is reduced below detectable levels (Fig.
1B). On the other hand, B-galactosidase activity
against XLLG does not seem to be affected on either
of the mutants (Fig. 1C). The Columbia genome in-
cludes a close paralog of Atxyll, annotated as locus
At3g45940. In a previous work, we identified this locus
as a recently inactivated pseudogene and named it
@Atxyl2 (Sampedro et al., 2001). Since Atxyl1-1 is in a
Wassilewskija background, the sequence of @Atxyl2
was determined in this ecotype (Supplemental Fig.
S1). Inactivating mutations are found throughout the
sequence. An 8-bp insertion and an in-frame stop
codon in the coding region are shared with Columbia,
while an additional 1-bp insertion is not. In Columbia,
this locus has been annotated as a gene by assuming
two additional introns over conserved regions of the
coding sequence, and a third one would be necessary
in Wassilewskija. Furthermore, most point mutations
between Wassilewskija and Columbia are nonsynon-
ymous. There are four ESTs deposited in GenBank that
correspond to locus At3g45940, but these are 454 seq-
uences from ovules of ecotype Landsberg (accession
nos. EL981094, EL996745, ES022488, and ES118483).
The sequences are very short and do not overlap
with the inactivating mutations in Columbia and
Wassilewskija.

In addition to a-xylosidase activity, we detected in
wild-type plants a possible transglycosylating activity
involving the Xyl residues of xyloglucan oligosaccha-
rides. Partial digestions of XXXG with protein extracts
from Columbia seedlings similar to those used for
quantification were analyzed by matrix-assisted laser-
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS). Peaks with the expected mass-to-
charge ratio (m/z) of GXXG, XXG, and XG were ob-
served (Fig. 1D). The low level of GXXG suggests that
xylosidase is the limiting activity in the degradation of
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Figure 1. Enzymatic characterization of Atxy/T insertional mutants. A,
Gene model of AtXYLT showing the location of the T-DNA insertions.
Exons are represented by rectangles, with translated regions in gray and
untranslated regions in black. The six nucleotides preceding the
insertions are shown. In both mutants, left border sequences (LB) are
present in both directions. B, a-Xylosidase activity against XXXG in
AtxylT lines. Two replicate protein extractions were obtained from each
wild-type (black bars) and mutant (white bars) line. Error bars show sp.
Col, Columbia; Ws, Wassilewskija. C, B-Galactosidase activity against
XLLG in Atxyl1 lines. The same protein extracts as in B were used. Error
bars show sp. D, MALDI-TOF spectrum showing possible transglyco-
sylation by AtXYL1. The spectrum corresponds to a partial digestion
of XXXG with a protein extract from a Columbia wild-type line (16 h,
1.5 mm XXXG, 850 ug mL™' protein). Peaks corresponding to the
[M+Na]" adduct of the substrate and intermediate products are labeled.
Arrows indicate additional peaks whose masses can be explained by
transglycosylation of Xyl residues.
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XXXG. In addition to these peaks, a number of unex-
pected ions were detected in these samples. Particu-
larly prominent is a peak at 1,217, which corresponds
to the mass of the [M+Na]* adduct of XXXG with an
additional pentose residue. This peak does not appear
when digestions are immediately stopped after adding
XXXG. More interestingly, it does not appear when
Atxyll-1 or Atxyll-2 extracts are used (data not shown).
A transglycosylating activity by AtXYL1, competing
with hydrolysis and using oligosaccharides as both
donors and acceptors of Xyl residues, could explain
this peak as well as others at m/z 923 and 1,349 (Fig.
1D). Further evidence of this activity is the fact that
partial digestions of XXXG with wild-type protein
extracts show levels of free Glc that are usually 25%
or more higher than levels of free Xyl (data not shown).

XXXG and XXLG Accumulate in the Growth Medium of
a-Xylosidase Mutants

The liquid medium in which seedlings had been
grown for 7 d was analyzed through MALDI-TOF MS
in both wild-type and mutant lines. Maltoheptaose
was added as an internal standard, but the same result
was observed when it was not present. In both mu-
tants, but not in the respective wild types, two peaks
were observed with the m/z of the [M+Na]* adduct of
XXXG (1,085) and XXLG/XLXG (1,247), as shown for
Atxyl1-2 in Figure 2. The identity of the 1,085 peak was
confirmed by comparison of its MALDI-TOF/TOF
spectrum with that of commercial XXXG (Supplemen-
tal Fig. S2, A and B). Both spectra show an almost
identical pattern of fragmentation, with most ions
corresponding to the breakage of glycosidic bonds.

To identify the 1,247 peak, its MALDI-TOF/TOF
spectrum was compared with that of commercial
XLLG (Supplemental Fig. S2, D and E). The spectrum
of XLLG shows two prominent ions with m/z of 659
and 773 that can be explained by a single cleavage
between the two Gal-containing side chains. In the
spectrum of the 1,247 peak, the 659 fragment, diag-
nostic of XXLG, is much more abundant than the 773
fragment, diagnostic of XLXG (Madson et al., 2003;
Tiné et al., 2006). Since a fragment of m/z 773 can also
appear from XXLG by double fragmentation, the
presence of XLXG in the growth medium is uncertain
(Yamagaki et al., 1998). The concentration of XXXG in
Atxyll-2 growth medium was estimated at approxi-
mately 8 um, based on the comparison of the peak area
with the internal standard and using a calibration
curve of commercial XXXG (Supplemental Fig. S2C).
This amounts to 0.08% of the dry weight of the
seedlings. Although this value should be considered
a rough approximation due to the difficulties of em-
ploying MALDI-TOF MS as a quantification method, it
nonetheless suggests that we should expect a signifi-
cant accumulation of oligosaccharides in the apoplast
of soil-grown plants. In the growth medium of
Atxyll-1, the concentration of oligosaccharides was
approximately 10 times lower (data not shown).
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Figure 2. Accumulation of xyloglucan oligosaccharides in Atxyl1-2. A,
MALDI-TOF spectrum of the concentrated liquid growth medium from
7-d-old Atxyl1-2 seedlings. Maltoheptaose at 50 um final concentration
was added as an internal standard for quantification. The peaks with a
m/z of 1,085 and 1,247 were identified as [M+Na]* adducts of XXXG
and XXLG by further fragmentation through MALDI-TOF/TOF MS, as
detailed in Supplemental Figure S2. B, MALDI-TOF spectrum of the
growth medium from wild-type Columbia seedlings.

XXLG Subunits Are More Abundant in Xyloglucan from
Atxyll Lines

Xyloglucan composition was analyzed by quantify-
ing, on the basis of MALDI-TOF spectra, the relative
abundance of the major subunits obtained after endo-
glucanase digestion. Two separate xyloglucan frac-
tions, enzyme and base extracted, were sequentially
obtained from the stems of both Atxyl/1-2 and Colum-
bia plants. The effect of the lack of a-xylosidase is
particularly evident in the xyloglucan fraction that
was directly extracted with an endoglucanase treat-
ment (Fig. 3). The major change observed in the spectra
of Atxyl1-2 samples is an increase in the relative area of
the peak at m/z 1,247 (XXLG/XLXG subunits) from
18% to 53%. The MALDI-TOF/TOF spectrum of this
peak in Atxyl1-2 shows that XLXG is at best a very
minor component, suggesting that the increase is due
to XXLG subunits (Supplemental Fig. S3).

Xyloglucan from a second extraction of the cell wall
residue with 24% KOH showed a smaller change in
composition, with an increase in XXLG/XLXG sub-
units from 10% to 26% (Fig. 3). In both fractions, the
increase in XXLG is associated with a reduction in
XXFG and XLFG subunits, with no apparent change in
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the proportion of XXXG. Subunits with Fuc, therefore,
are strongly reduced in Afxyl1-2 plants, from 51% to
15% in enzyme-accessible xyloglucan and from 36% to
20% in the nonaccessible fraction. As for the propor-
tion of acetylated subunits, it can only be estimated in
the enzyme-extracted fraction, where it shows a re-
duction from 20% to 11% in Atxyl1-2. However, for
each type of subunit (XXLG, XXFG, or XLFG), the
proportion that is acetylated in Afxyl1-2 is almost the
same as in the wild type (Fig. 3). Similar changes were
observed when comparing enzyme-extracted xyloglu-
can from stems of Atxyll-1 and Wassilewskija plants
as well as in Atxyl1-2 siliques, although in this last
case the change in composition was smaller (data not
shown). Other organs were not tested.

Organ Elongation Is Affected in
a-Xylosidase-Deficient Plants

Both Atxyll-1 and Atxyl1-2 plants are healthy and
fertile, and they reach a similar size to wild-type
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Figure 3. Xyloglucan composition in Atxy/7-2 and wild-type plants.
Alcohol-insoluble cell wall residues were obtained from elongated stems
of wild-type (black bars) or Atxyl1-2 (white bars) plants. Xyloglucan was
first extracted with endoglucanase from duplicate samples of each line,
and peak areas from two to five MALDI-TOF spectra for each sample
were quantified to estimate sp, presented as error bars. Minor peaks (less
than 5%) were ignored. The proportion of acetylated subunits is indicated
by the gray areas. After enzyme extraction, samples were treated with
24% KOH. Released xyloglucan was digested with endoglucanase and
analyzed by MALDI-TOF MS.
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plants. However, a clear alteration of the growth pat-
tern is apparent in the siliques of both mutants, which
are significantly shorter and wider than the respective
wild types (Fig. 4; Supplemental Fig. S54). At 11 d post
anthesis, Atxyll-2 siliques are 35% shorter and 17%
wider than wild-type siliques, with the result that the
length-to-width ratio is reduced from 12.6 to 7.0. The
development of this phenotype appears to be some-
what different in both mutants. In Atxyl1-2, the reduc-
tion in silique length is apparent from very early stages
(Fig. 4A), while in Atxyl1-1, the premature cessation of
growth seems to be responsible for the final difference
in length (Supplemental Fig. S4A). On the other hand,
just after anthesis, both mutants already have wider
siliques than the respective wild types, and this differ-
ence is maintained until maturity (Fig. 4B; Supplemen-
tal Fig. 54B). The alteration in growth pattern of the
siliques does not seem to affect seed production.

A comparable defect in elongation was observed in
other organs. When 26-d-old rosettes from Atxyll-1
plants were compared with those of the Wassilewskija
wild type, a significantly lower ratio of length to width
was observed for the five oldest leaves (P < 0.01). In the
third and four leaves in particular, width was not
affected by the mutation, while length was considerably
reduced (Fig. 4C). Similarly, sepals appear shorter in
both mutants than in the respective wild types (Fig. 4D).
An additional phenotype was observed in the leaf tri-
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chomes of Atxyll-1 plants. In wild-type leaves, 75% of
trichomes have three branches and 25% of them have
two, while in xylosidase-deficient plants, most trichomes
are two branched (Fig. 4E). This phenotype was not
observable in Atxyl1-2 plants. However, trichomes with
two branches are very rare in Columbia wild-type plants.

The AtXYL1 Promoter Directs Expression to Many Cell
Types and Organs Undergoing Cell Wall Modifications

A 3-kb fragment of AtXYL1 promoter was cloned
upstream of the GUS gene. Arabidopsis plants trans-
formed with this construct showed widespread expres-
sion of the reporter gene (Fig. 5). Expression was detected
with 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid and
was strong enough that incubation for 3 h was usually
sufficient. In root tips, in both soil and agar, expression
is strongest in the stem cell area extending into the
meristematic region (Fig. 5A). In the elongation zone,
the highest expression is located in the vascular cylin-
der, and the same pattern can be observed in older
areas of the root (Fig. 5B). Expression in lateral root
buds is usually weak before emergence. In growing
leaves, there is strong reporter expression in tri-
chomes, guard cells, and vasculature, along with dif-
fuse expression throughout the parenchyma (Fig. 5, C
and D). In addition, the youngest leaves show a high
level of expression in petioles. In developing flower
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Figure 4. Morphological phenotypes of AtxylT lines. A, Silique elongation in Atxy/71-2. Siliques from 12 wild-type (black
squares) or Atxyl1-2 (white squares) plants were measured using a scanner. Error bars indicate sb. The asterisk indicates a
difference significant with a 95% confidence; all other differences are significant with a 99.5% confidence. B, Silique width in
Atxyl1-2. Data are from the same siliques as in A, and symbols are used in the same way. C, Leaf shape in Atxy/1-1 plants. Length
and width of the third (triangles) and fourth (circles) leaves were measured in 26-d-old rosettes from wild-type (black symbols)
and Atxyl1-1 (white symbols) plants. D, Flowers from Columbia and Atxy/7-2 plants. Bars = 0.5 mm. E, Trichome branching in
Atxyl1-1. The number of branches of all trichomes from eight first-pair leaves of wild-type (black bars) and Atxyl7-1 (white bars)
plants were counted. Unbranched trichomes, less than 1% in both lines, were ignored. Error bars show sp.
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Figure 5. Expression of GUS driven by the AtXYLT promoter. A, Root tip
from a 12-d-old plant grown on soil. Bar = 50 um. B, Roots from a 12-d-
old plant. C, Rosette leaves from a 21-d-old plant. D, First-pair leaf from a
12-d-old plant. Bar = 100 um. E, Stage 12 flower bud. Bar = 100 um. F,
Flowers at different stages. G, Upper part of an elongated silique. H, Base
of a developing silique. Bar = 100 um. I, Young stem and pedicels.

buds, expression levels are elevated in the sepals and
gynoecium (Fig. 5E). As the flower opens, anther
filaments show strong reporter expression, while in
the gynoecium, expression becomes concentrated in
the upper part (Fig. 5F). In petals, expression is located
mainly in the vasculature. Developing siliques show
some diffuse expression in the valves, but the highest
expression is found in the style (Fig. 5G) and in the
area of the abscission zone (Fig. 5H), where expression
starts before abscission of flower organs but persists
until siliques are mature. There is also expression in
the pedicels, particularly during silique development,
as well as in the younger sections of the stem (Fig. 5I).

DISCUSSION

Insertions in AtXYL1 reduce the a-xylosidase activ-
ity against XXXG in growing plants to undetectable
levels (Fig. 1). Additionally, in both Columbia and
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Wassilewskija ecotypes, the closest paralog to AtXYL1
is a pseudogene (Supplemental Fig. S1). This locus
appears to be transcriptionally active in Landsberg
ovules, but it is unclear what significance this has. The
next closest paralog in the Arabidopsis genome is
AtAGLUI, a putative a-glucosidase whose translation
product has been located in the vacuole in several
proteomic studies (Carter et al., 2004; Shimaoka et al.,
2004). We have previously presented evidence of the
cell wall location of Arabidopsis a-xylosidase activity
(Sampedro et al,, 2001), and numerous studies have
identified AtXYL1 in the cell wall proteome (Jamet et al.,
2006). It is thus likely that the only cell wall enzyme
capable of removing Xyl residues from xyloglucan
oligosaccharides is AtXYL1. The specificity of plant
a-xylosidases for residues located at the nonreducing
end of xyloglucan molecules, which is key to their func-
tion, is also present in similar enzymes from prokary-
otes that also belong to family 31 of glycosyl hydrolases,
and it is likely due to the pocket-shaped active site of
this family (Moracci et al., 2000; Lovering et al., 2005).
We have found evidence that, in addition to hydrol-
ysis of a-Xyl residues, AtXYL1 may be able to catalyze
their transglycosylation using xyloglucan oligosaccha-
rides as both donors and acceptors (Fig. 1D). Family 31
enzymes, such as AtXYL1, use a retaining mechanism
forming a glycosyl-enzyme intermediate that can po-
tentially transfer the sugar residue to an acceptor other
than water (Henrissat and Davies, 1997; Trincone and
Giordano, 2006). Family 31 includes several transferases
and also an archaeal xyloglucan-specific a-xylosidase
with significant transglycosylase activity (Trincone et al.,
2001). This enzyme can transfer Xyl residues to different
OH groups in a terminal Glc. A similar mechanism for
AtXYL1 could explain the mass of the putative trans-
glycosylation products, but a detailed characterization
would be necessary to confirm this hypothesis (Fig. 1D).
The absence of a-xylosidase activity results in the
accumulation of two specific oligosaccharides, XXXG
and XXLG, in the liquid growth medium of mutant
seedlings (Fig. 2; Supplemental Fig. 52). A similar
accumulation is expected in the apoplast of soil-grown
plants. Since B-galactosidase activity against xyloglu-
can does not seem to be affected in Atxyl1 lines (Fig.
1C), the presence of XXLG in the medium suggests
that it is not a good substrate for this activity. A xy-
loglucan-specific B-galactosidase purified from Co-
paifera langsdorfii had no activity on XXLG (de
Alcantara et al., 1999), and a similar enzyme from T.
majus had a much higher activity on XLXG than XXLG
(Crombie et al., 1998; de Alcantara et al., 1999). Al-
though these enzymes are involved in xyloglucan
mobilization in germinating seeds, our results are
consistent with similar substrate specificity for the
primary wall B-galactosidase activity in Arabidopsis.

Change in Xyloglucan Composition

Xyloglucan composition in plants without detect-
able a-xylosidase activity is different from that of wild-
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type plants, particularly in the enzyme-accessible frac-
tion, as would be expected if caused directly by
changes in the metabolism of xyloglucan within the
wall (Fig. 3). In Atxyll lines, xyloglucan oligosaccha-
rides in the apoplast can only be attacked by galacto-
sidase and fucosidase activities, presumably leading to
an accumulation of XXXG and XXLG, as seen in the
growth medium (Fig. 2). XET activities could then use
these oligosaccharides as acceptors, reincorporating
them onto polymeric xyloglucan. Since this mechanism
would only add one modified subunit per chain at the
reducing end, it is clearly insufficient to explain the
magnitude of the alteration observed in Atxyl1I lines.

An alternative mechanism to explain the loss of Gal
and Fuc involves direct action of cell wall exoglycosi-
dases on xyloglucan chains. A B-galactosidase from
Tropaeolum can efficiently remove Gal residues from
midchain regions of polymeric xyloglucan (Edwards
etal., 1988; Reid et al., 1988). However, B-galactosidases
from Copaifera and Hymenaea courbaril have weak
activity on the polymer and much higher activity on
xyloglucan oligosaccharides (de Alcantara et al., 1999,
2006). A similar preference for oligosaccharides was
reported for an Arabidopsis a-fucosidase (Léonard
et al., 2008). This preference could indicate that these
enzymes attack the polymer mainly at the nonreduc-
ing ends. There is also some evidence that a-xylosi-
dase could attack the nonreducing ends of polymeric
xyloglucan. A Tropaeolum a-xylosidase can remove
Xyl from oligosaccharides with a backbone of at least
eight Glc residues (Fanutti et al., 1991, 1996). Addi-
tionally, the presence of up to 17% Xyl-deficient subunits,
such as GXXG, exclusively in the enzyme-accessible
fraction of pea xyloglucan has been attributed to
a-xylosidase activity at the nonreducing ends of the
polymer (Guillén et al., 1995; Pauly et al., 2001).

If all four exoglycosidases can attack the nonreduc-
ing ends of xyloglucan chains, our results are easier
to explain. In Atxyll lines, only a-fucosidase and
B-galactosidase would be able to act; thus, terminal
XXFG and XLFG subunits would become XXLG.
XXXG subunits would be left unmodified, and their
proportion at nonreducing ends would only increase
slightly due to B-galactosidase attack on rare XLXG
subunits (Madson et al., 2003). Although this process
would affect a single xyloglucan subunit per chain,
endotransglycosylation reactions can repeatedly gen-
erate new nonreducing ends while placing previous
ones at midchain positions. This would lead to the
progressive increase in XXLG subunits at the expense
of XXFG and XLFG, as observed in Atxyl1 lines (Fig. 3).
This hypothesis also requires that in wild-type plants,
a-fucosidase and p-galactosidase are followed by
a-xylosidase and B-glucosidase activities, so that en-
tire subunits would be removed without altering the
composition. This would result in the trimming of the
nonreducing ends of xyloglucan chains located in
the enzyme-accessible domain.

The level of xyloglucan acetylation is also reduced in
the enzyme-accessible fraction of Atxyl1-2 (Fig. 3). If
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most of the XXLG in Atxyl1-2 comes from XXFG and
XLFG, we would expect the proportion of acetylated
XXLG (12%) to be closer to that of XXFG (43%) and
XLFG (33%). This suggests that some acetyl groups are
being removed together with Fuc and Gal.

Altered Growth Pattern

Both Atxyll mutants show a reduction in the elon-
gation of several organs. It is most noticeable in
siliques, where a decrease in length is accompanied
by an increase in width (Fig. 4; Supplemental Fig. S54).
Leaf elongation is also significantly reduced in Atxyl1-1
plants, while leaf width is less affected or not at all
(Fig. 4C). A similar phenotype is apparent in the sepals
(Fig. 4D). This morphological phenotype points to a
specific defect in the regulation of anisotropic expan-
sion. As discussed above, lack of a-xylosidase activity
is expected to result in a high concentration of xylo-
glucan oligosaccharides in the apoplast. In addition,
the alteration of xyloglucan composition observed in
Atxyll lines suggests active trimming of the nonre-
ducing ends of polymeric xyloglucan in wild-type
plants, a process that is blocked in Atxyl1 plants. These
two developments could potentially interfere with the
action of XET activities in the wall.

Xyloglucan oligosaccharides can increase the elon-
gation rate of pea segments, especially if they have
been treated with auxin (McDougall and Fry, 1990;
Takeda et al., 2002). This is most likely caused by XET
activities that employ oligosaccharides as acceptors of
transglycosylation, breaking down xyloglucan chains
and weakening the wall (Fry et al., 1993; Takeda et al.,
2002). The elongation defect in Atxyll lines cannot be
directly explained by this mechanism, although it is
possible that excessive weakening triggers a strength-
ening response.

An alternative explanation is suggested by the ob-
servation that polymeric xyloglucan added to pea
segments reduces their elongation, presumably by
participating in endotransglycosylation reactions and
therefore increasing the number of connections be-
tween microfibrils (Takeda et al., 2002). A similar
mechanism could explain the reduced root elongation
caused by the addition of two purified XTHs with XET
activity (Maris et al., 2009). If trimming of nonreducing
ends by exoglycosidases is blocked in Atxyl1 lines, this
could facilitate a similar strengthening of the wall and
explain the reduced elongation of siliques, leaves, and
sepals (Fig. 4). Interestingly, in pea and Tropaeolum
epicotyls, approximately 15% of XET activity appears
to be covalently linked to xyloglucan, as part of
enzyme-donor complexes, due to a lack of appropriate
acceptors (Sulova et al., 2001). It is possible that a
function of exoglycosidases, such as a-xylosidase, is to
limit the formation of linkages among microfibrils by
eliminating the loose ends of xyloglucan chains.

Besides reduced elongation, Atxyll siliques show
an excessive width (Fig. 4B). Addition of polymeric
xyloglucan to growing pea segments causes a faster
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reorientation of microtubules from transversal to lon-
gitudinal orientation (Takeda et al., 2002). It would be
interesting to investigate if lack of a-xylosidase activ-
ity, by increasing microfibril connections, has a similar
effect. The transverse orientation of microtubules dur-
ing elongation helps to maintain a similar orientation
for cellulose microfibrils, which appears to constrain
increases in cell width (Geitmann and Ortega, 2009).
Besides microtubule orientation, other factors that
affect organ shape need to be considered, such as
tensions between different tissues of the silique or the
fact that the reduced growth of the sepals could limit
the elongation of the gynoecium.

Xyloglucan from Atxyl1 lines has a reduced propor-
tion of Fuc and Gal, and this could affect its interaction
with cellulose. However, mur3 mutants have a com-
parable xyloglucan composition, with 55% XXXG
and 45% XLXG, and they show no elongation defects
(Madson et al., 2003). Finally, it is worth mentioning
that no morphological phenotype was observed in
AtXYL1 antisense lines, even though activity was re-
duced up to 70%, suggesting that a small amount of
a-xylosidase is enough to achieve a superficially nor-
mal growth pattern (Monroe et al., 2003). This result
suggests that silencing may not be a good approach to
study the role of xyloglucan exoglycosidases, even
without gene redundancy.

Regulation of a-Xylosidase Activity

Expression of AtXYL1, as revealed by a promoter-
reporter fusion (Fig. 5), appears to be widespread, as
would be expected for the only a-xylosidase active
against xyloglucan. The ubiquity of reporter expres-
sion under the control of the AtXYL1 promoter at the
organ level is also reflected in published genome-wide
microarray analyses (Schmid et al., 2005; Jakoby et al.,
2008). Cell type-specific studies confirm the expression
of AtXYL1 in guard cells and trichomes as well as a
lack of expression in pollen (Pina et al., 2005; Jakoby
et al., 2008; Yang et al., 2008). The expression pattern
revealed by the promoter-reporter fusion is remark-
ably similar to that of MURS3, a galactosyltransferase
involved in xyloglucan synthesis (Madson et al., 2003).
Both promoters show high levels of expression in root
stem cells and vascular cylinder, aerial vasculature,
trichomes, sepals, and the tip and base of developing
siliques. It is possible that these are sites of accelerated
xyloglucan turnover with high levels of synthesis and
degradation.

The pattern of expression of AtXYL1 revealed by our
construct needs to be confirmed by other methods, but
some of the locations of high expression can be linked
to modifications in the cell wall where xyloglucan
metabolism is likely to be involved. It has been pro-
posed, for instance, that dividing root cells in maize
(Zea mays) recycle a large amount of cell wall material
through endocytosis, including xyloglucan molecules
(Baluska et al., 2005). Similarly xyloglucan remodeling
by AtXTH28 seems critical for the correct elongation
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of anther filaments during anthesis (Kurasawa et al.,
2009). As for the role of xyloglucan metabolism dur-
ing vasculature development, AtXTH27 is expressed
during secondary wall deposition in xylem and is
required for the correct expansion of leaf tracheary
elements (Matsui et al., 2005). Additionally, xyloglu-
can hydrolase activity has been detected in xylem and
fibers of Arabidopsis stems using fluorogenic sub-
strates (Ibatullin et al., 2009).

In addition to transcriptional regulation, several
posttranscriptional modifications of AtXYL1 could be
involved in modulating a-xylosidase activity. In pro-
teomic studies, AtXYL1 sequences are usually ob-
tained from several discrete spots that differ in size,
pl, or both (Kwon et al., 2005; Albenne et al., 2009).
Some of this heterogeneity can be explained by differ-
ences in glycosylation or by an N-terminal propeptide
that seems to be lost within the wall (Sampedro et al.,
2001; Albenne et al., 2009). More surprising is the fact
that some forms of AtXYL1 appear to be phosphory-
lated and that dephosphorylation by cell wall phos-
phatases could lead to inactivation (Kwon et al., 2005;
Kaida et al., 2010).

a-Xylosidase activity is likely to be the limiting
step in the degradation of the xyloglucan backbone
in Arabidopsis, since B-glucosidase activity seems to
be higher in the apoplast (Iglesias et al., 2006). If
a-xylosidase, as we have proposed, can degrade a large
amount of polymeric xyloglucan and therefore limit
the possible connections between microfibrils, the
need for a tight regulation is understandable. Even if
xyloglucan is not the only cross-linking polymer that
regulates cell wall extension, it is likely to be essential
for the precise control of this process in both time and
space. We have shown that preventing its normal
degradation has a significant effect on the elongation
of several organs. Further investigation of a-xylosidase
mutants, as well as those affected in other exoglyco-
sidases, offers a new avenue to explore the various
and poorly understood roles of xyloglucan in the cell
walls.

MATERIALS AND METHODS
Plant Material and Growth Conditions

To identify Arabidopsis (Arabidopsis thaliana) Atxyll-1 in the T-DNA col-
lection at the University of Wisconsin Biotech Center (Krysan et al., 1999),
several rounds of screening were carried out with primers MUT1 and JL-202
(Supplemental Table S1). Atxyll-2 was ordered from the GABI-KAT col-
lection, where its line identifier is 749G08 (Rosso et al., 2003). Homozygous
and wild-type plants for the T-DNA insertions were selected from segregating
populations of both mutants. Absence and presence of the insertions were
determined by PCR with the primer pairs detailed in Supplemental Table S1.
Wild-type and mutant plants were grown on the same tray in 16-h days at
22°C/18°C light/dark temperature and 60 wmol m 2 s~! light intensity.

Activity Assays

Approximately 1.5 g of 11-d-old rosettes was homogenized in liquid N,.
Proteins were extracted for 1 h at 4°C in 9 mL of 50 mm Na-acetate buffer (pH
4.5), 1 M NaCl, 1.5% polyvinylpolypyrrolidone, and 0.1% (v/v) Protease
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Inhibitor Cocktail for plant cell and tissue extracts (Sigma). After centrifuga-
tion, the supernatant was concentrated using Amicon Ultra 30K (Millipore)
and washed twice with 10 mL of 20 mm Na-acetate buffer (pH 5.0). Protease
inhibitor cocktail at 0.1% (v/v) was added to the second wash. Protein
concentration was quantified with Coomassie Plus (Thermo Scientific).

For each assay, 40 uL of protein extract (500-750 ug mL ') was mixed with
20 uL of either 4.5 mm XXXG or 4.5 mm XLLG (Megazyme). After a 16-h
incubation at 37°C, samples were boiled for 5 min. Released Xyl was
quantified with the p-Xylose assay kit (Megazyme) and free Gal with the
D-Galactose assay kit (Megazyme).

Liquid Culture

Approximately 90 mg of sterile seeds was germinated and grown for 7 d in
25-mL flasks containing 10 mL of medium (0.5X Murashige and Skoog
medium with 0.5 g L™' MES at pH 5.7) in 16-h days at 24°C/20°C light/dark
temperature and 25 umol m 2 5! light intensity.

Growth medium was collected, and 500 uL was dialyzed for 24 h against
water using a Biodialyser with 500-D membranes (Sigma). After freeze drying,
the samples were resuspended in 50 uL of 20 mm Na-acetate buffer (pH 5.0)
and analyzed through MALDI-TOF MS.

Mass Spectrometry

Samples were mixed with an equal volume of 2,5-dihydroxybenzoic acid
solution (10 mg mL™! in 70% acetonitrile). For analyses of liquid medium,
maltoheptaose was added to 50 um final concentration. MALDI-TOF spectra
were obtained with an UltraFlex mass spectrometer (Bruker Daltonics) equip-
ped with a Smartbeam pulsed UV laser (337 nm) and operating in positive-ion
mode. Jons were accelerated to a kinetic energy of 25 kV. Each spectrum was
obtained by summing 450 shots in reflectron mode. For MALDI-TOF/TOF
spectra, precursor ions were accelerated to 8 kVand selected in a timed ion gate.
Fragment ions generated by laser-induced decomposition of the precursors
were further accelerated by 19 kV in the LIFT cell.

Xyloglucan Composition Analysis

After removing the top 6 cm, 12 mature green stems (approximately 35 cm)
were homogenized in liquid nitrogen. The powder was boiled in 8 mL of
ethanol for 10 min, washed six times with ethanol and twice with diethyl ether,
and then dried. Xyloglucan extractions were then performed in duplicate for
each sample. Five milligrams of cell wall residue was resuspended in 400 uL of
10 mm pyridine-acetate buffer at pH 4.5 and then washed four times. Accessible
xyloglucan was extracted with 4 units of endocellulase from Trichoderma
longibranchiatum (Megazyme) in an overnight digestion at 37°C. Undigested
material was washed twice with water and then extracted for 24 h with 900 uL
of 24% KOH and 0.1% NaBH,. After centrifugation, the supernatant was
neutralized with 300 uL of acetic acid. Extracted cell wall material was filtered
through a 10K centrifugal filter (VWR), repeatedly washed with 10 mm
pyridine-acetate buffer at pH 4.5, and digested overnight with 4 units of
endocellulase. Reducing sugars were determined with the p-hydroxybenzoic
acid hydrazide assay (Lever, 1972). Samples were finally dried and resuspended
in 20 mm Na-acetate buffer (pH 5.0) to a concentration of 3 mm reducing sugars.

DNA Cloning

AtXYL2 was amplified from Wassilewskija genomic DNA using PrimeSTAR
HS DNA Polymerase (Takara) and primers XYL2L1 and XYL2R1 (Supplemental
Table S1). The PCR product was cloned using the Zero Blunt TOPO PCR Cloning
Kit for Sequencing (Invitrogen). Two independent clones were sequenced, and
only confirmed differences from Columbia were considered.

A 3-kb fragment of the AtXYL1 promoter starting 40 bp from the ATG was
amplified with primers PRXYL1L1 and PRXYL1R1. The fragment was intro-
duced into vector pDONR/Zeo through BP recombination (Invitrogen).
Through LR recombination, it was subsequently cloned upstream of the
GUS gene in vector pMDC162 (Curtis and Grossniklaus, 2003).

Generation and Characterization of Transgenic Plants

The promoter:GUS construct was introduced into Agrobacterium tumefa-
ciens EHA105 by electroporation. Arabidopsis Columbia plants were trans-
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formed through floral dipping (Clough and Bent, 1998). A total of 16
transgenic plants were recovered in T1, most with similar expression patterns.
Three lines were selected, and T2 plants were analyzed at different stages.
GUS activity was detected by incubation in a solution of 1 mm 5-bromo-4-
chloro-3-indolyl-B-p-glucuronic acid, 100 mm Na-phosphate buffer (pH 7.0),
10 mm EDTA, 0.5 mMm potassium ferrocyanide, 0.5 mm potassium ferricyanide,
and 0.1% Triton X-100.

The sequence of AfXYL2 in Wassilewskija can be found in GenBank
(accession no. GQ397971).

Supplemental Data

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

Supplemental Figure S1. Sequences of @Atxyl2 in Wassilewskija and
Columbia.

Supplemental Figure S2. MALDI-TOF/TOF spectra of oligosaccharides in
Atxyl1-2 growth medium.

Supplemental Figure S3. MALDI-TOF/TOF spectrum of the peak at m/z
1,247 in Atxyl1-2 stems.

Supplemental Figure S4. Silique development in Afxyl1-1.

Supplemental Table S1. Primers used in this work.
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