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An Arabidopsis thaliana mutant with an altered structure of its hemicellulose xyloglucan (XyG; axy-8) identified by a forward
genetic screen facilitating oligosaccharide mass profiling was characterized. axy8 exhibits increased XyG fucosylation and
the occurrence of XyG fragments not present in the wild-type plant. AXY8 was identified to encode an a-fucosidase acting
on XyG that was previously designated FUC95A. Green fluorescent protein fusion localization studies and analysis of
nascent XyG in microsomal preparations demonstrated that this glycosylhydrolase acts mainly on XyG in the apoplast.
Detailed structural analysis of XyG in axy8 gave unique insights into the role of the fucosidase in XyG metabolism in vivo.
The genetic evidence indicates that the activity of glycosylhydrolases in the apoplast plays a major role in generating the
heterogeneity of XyG side chains in the wall. Furthermore, without the dominant apoplastic glycosylhydrolases, the XyG
structure in the wall is mainly composed of XXXG and XXFG subunits.

INTRODUCTION

The cells of plants are encased in a wall consisting of various
polymer networks. One of the dominant components in the
primary plant cell wall (i.e., the wall of growing cells) in dicots and
nonpoacean monocots is the hemicellulosic polysaccharide
xyloglucan (up to 30% dry weight) (Hayashi, 1989; Scheller and
Ulvskov, 2010). Xyloglucan (XyG) is also present but to a lesser
extent in the walls of grasses (Gibeaut et al., 2005). XyG asso-
ciates noncovalently with cellulose microfibrils (Bauer et al.,
1973), forming a cellulose-XyG network that has been hypoth-
esized to be the load-bearing structure of the cell (Fry, 1989). The
metabolism of XyG in the wall is thought to play a significant role
in turgor-driven cell expansion (Cosgrove, 2005). The main
enzymes involved in apoplastic XyG metabolism are endoglu-
canases cleaving XyG and generating XyG oligosaccharides that
may act as signals (Takeda et al., 2002) and expansins, proteins
that are known to cause cell wall creep (Cosgrove, 2005). In
addition, XyG endotransglycosylases (XETs) cut and religate
XyG polymers either to remodel XyG in the wall or to incorporate
newly synthesized XyG (Smith and Fry, 1991; Nishitani and
Tominaga, 1992; Vissenberg et al., 2005). It is thus thought that
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the finely orchestrated action of these enzymes is associated
with cell elongation (Pauly et al., 2001). The view that XyG has an
important function as a plant growth regulator has recently been
challenged as an Arabidopsis thaliana mutant whose walls are
devoid of any detectable XyG is not affected in overall plant
growth, development, and/or morphology, with the exception of
deformed root hairs (Cavalier et al., 2008). However, it should be
noted that the cellulose microfibrils in this mutant are unevenly
spaced (Anderson et al., 2010); hence, it is likely that there are
further hitherto unknown structural changes present in those
mutant walls that functionally compensate for the loss of this
dominant polysaccharide. Hence, the precise function of XyG in
the plant cell wall is still under debate.

The structure of XyG has been relatively well described. On a
macromolecular level, XyG embedded in the wall occurs in
connected domains (Pauly et al., 1999a). One domain of the
polymer acts as an enzyme-accessible microfibril tether, while
another domain of the polymer is tightly associated with the
cellulose microfibril via H-bonds and thus has only limited or no
accessibility to enzymes. A third domain is located within the
microfibril, making it inert to further modification. On a fine
structural level, XyG consists of a B-1,4-linked glucan chain that
is decorated with various heterogeneous side chains depending
on plant species and tissue type (York et al., 1996; Obel et al.,
2009). The pattern of XyG substitutions of each backbone glucosyl
residue is described using a single-letter nomenclature (Fry et al.,
1993). The letter G describes an unsubstituted backbone B-D-Glcp
residue, whereas X denotes a backbone Glc unit substituted with a
xylosyl-residue [i.e., an a-D-Xylp-(1-6)-B-D-Glcp moiety]. In many
dicots, such as Arabidopsis, the xylosyl residue can be further
substituted with a B-D-Galp residue (L side chain), which is often
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further decorated with an a-L-Fucp residue (F side chain) and/or an
O-acetyl-substituent (Kiefer et al., 1989; Pauly et al., 2001). The
presence of the O-acetyl-substituent is shown by underlining the
respective one-letter code (Hoffman et al., 2005). Major insight into
XyG structure has been obtained by enzymatic digestion of the XyG
polymer with an endoglucanase (Guillén et al., 1995). These studies
have revealed that XyG is composed of various structurally diverse
oligosaccharides (Lerouxel et al., 2002). The substitution pattern of
XyG has implications for the solution properties of the polymer and
interactions with cellulose (Levy et al., 1997). However, the origin of
the side chain diversity or the order of the oligosaccharides within
the XyG polymer is not known, presenting a major impediment to
understanding the XyG structure and metabolism in planta.

Much of our knowledge of XyG metabolism and function in
planta has been gained through the identification and character-
ization of plant mutants. In addition, these mutants yielded essen-
tialinformation about the molecular machinery of XyG biosynthesis,
which occurs in the Golgi apparatus (Moore et al., 1991; Scheible
and Pauly, 2004). A forward genetic screen based on wall mono-
saccharide composition led to the identification of several Arabi-
dopsis mur mutants altered in their XyG structure (Reiter et al.,
1997). MUR1-MURS3 encode polypeptides involved in XyG biosyn-
thesis: MUR1 is a GDP-mannose-2,4-dehydratase responsible for
the synthesis of the precursor GDP-L-fucose (Bonin et al., 1997),
MUR?2 is a XyG:fucosyltransferase (Vanzin et al., 2002), and MUR3
is a XyG:galactosyltransferase (Madson et al., 2003). All of the mur
mutants displayed XyG structures with altered side chain substi-
tutions. Other XyG biosynthesis mutants have been identified
through reverse genetic approaches, including various XyG:xylo-
syltransferase mutants (Cavalier et al., 2008; Zabotina et al., 2008).
Another forward genetic screen aimed to identify mutants with
defined altered XyG structures (axy mutants; Neumetzler, 2010;
http://paulylab.berkeley.edu/axy-mutants.html). The screen was
performed on a chemically mutagenized Arabidopsis population
and was based on oligosaccharide mass profiling (OLIMP) of XyG
(Lerouxel et al., 2002). OLIMP entails the profiling of XyG by
treatment of Arabidopsis walls with a XyG-specific hydrolase (XEG;
Pauly et al., 1999b) and subsequent analysis of the resulting XyG
oligosaccharides via mass spectrometry (MS).

While the axy4 mutant is described elsewhere (Gille et al.,
2011), here we characterize axy8 and related mutants, which
exhibit XyG oligosaccharide profiles containing an increased
abundance of fucosylated XyG side chains as well as unusual
oligosaccharides that are not found in wild-type plants.

RESULTS

AXY8 Encodes a Ubiquitously Expressed Apoplastic XyG:
a-Fucosidase

Screening of an ethyl methanesulfonate (EMS)-mutagenized
plant population by oligosaccharide mass profiling (OLIMP;
Lerouxel et al., 2002) identified a mutant, termed axy8-1, that
exhibit significant changes in its XyG structure (Figure 1; see
Supplemental Table 1 online). axy8-1 showed increased abun-
dance of fucosylated XyG oligosaccharides, but more impor-
tantly, OLIMP indicated ions representing oligosaccharides that
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Figure 1. OLIMP Analysis.

OLIMP spectra of etiolated seedlings of the wild type (Col-0), axy8
mutants, AXY8 overexpression (35S:AXY8), the xy/T mutant (axy3-1), and
a xyl1 axy8 double mutant (axy3-1 axy8-1). Arrows indicate unusual XyG
oligosaccharides in axy8. Isotopic resolution is shown in Supplemental
Figure 1 online for the ions marked with an asterisk. Quantitative statistical
analysis of OLIMP data is presented in Supplemental Table 1 online.

have not been observed in wild-type OLIMP spectra (Figure 1,
arrows; see Supplemental Figure 1 online).

The gene responsible for the observed XyG oligosaccharide
phenotype in axy8 mutants was isolated using a combination of
strategies. Initially, an axy8-7 mapping population was established
by crossing axy8-1 (Columbia-0 [Col-0] background) to the



Arabidopsis Landsberg erecta ecotype. After self-pollination, the
resulting F2 hypocotyls were subjected to XyG OLIMP. Out of 60
hypocotyls, 48 displayed wild-type Col-0 XyG profiles, while 12
showed the characteristic axy8 XyG profile. A x? value of 0.8 is
consistent with a 3:1 segregation ratio model indicative of a
nuclear-encoded, monogenic, recessive trait. To narrow down
the genomic region of the responsible mutation, a bulk segregant
analysis by a microarray-based mapping approach was per-
formed (Hazen et al., 2005). The analysis of the hybridization data
pinpointed the mutation to the distal end of chromosome IV,
between 15.5 and 17 Mbp (see Supplemental Figure 2A online).
Further fine-mapping performed by PCR-based mapping of
individual recombinants delimited the mutation between marker
F10M10 at position 16.37 Mb and nga1139 at 16.44 Mb (see
Supplemental Figure 2B online). This genomic region encom-
passes 24 genes, all of which were sequenced in axy8-1. A point
mutation G — A was identified in the locus At4g34260, resulting in
a premature stop codon in the third exon of the gene (TGG'2%4 to
TGA'254, Trp418Stop; Figure 2A).

In the OLIMP screen, several mutants with the axy8 phenotype
were found (Neumetzler, 2010), and At4g34260 was sequenced in
all those mutants (Figure 2A). All axy8 mutants exhibit mutations in
this gene locus, including mis-sense mutations (axy8-3, Pro562-
Leu; axy8-4, Cys511Tyr) and additional non-sense mutations
(axy8-2, Arg398Stop; axy8-7, Trp441Stop; Figure 2A). To confirm
further that At4g34260 coincides with the AXY8 locus, T-DNA
insertion lines were obtained (axy8-5 and axy8-6) and their XyG
OLIMP phenotype determined (Figure 1; see Supplemental Table
1 online). Whereas the AXY8 transcript is still present in those lines,
albeit in reduced abundance (Figure 2B), both displayed the
characteristic axy8 XyG oligosaccharide profile of a higher abun-
dance of fucosylated oligosaccharides and the presence of the
unusual oligosaccharides (Figure 1; see Supplemental Table 1 on-
line). In addition, the genomic sequence of wild-type AXY8 was
placed under the control of the constitutive 35S promoter and
transformed into Col-0. Indeed, the XyG oligosaccharide profile
was restored to the wild type in terms of absence of unusual
oligosaccharides and a reduction XyG fucosylation level (Figure 1;
see Supplemental Table 1 online). In summary, these data provide
conclusive evidence that AXY8 is represented by At4g34260.

AXY8 encodes a protein consisting of 843 amino acids with a
calculated molecular mass of 93.7 kD (The Arabidopsis Infor-
mation Resource; www.Arabidopsis.org), including a potential
27-amino acid signal peptide (probability 0.905; http://www.cbs.
dtu.dk/services/SignalP/). The protein is not predicted to contain
any transmembrane domains (http://aramemnon.uni-koeln.de/;
Schwacke et al., 2003) or a glycosylphosphatidylinositol anchor
(http://gpi.unibe.ch/; Fankhauser and Maser, 2005). AXY8 has
been designated Fuc95A, as it belongs to a glycosylhydrolase
family 95 (www.cazy.org). When expressed heterologously in
tobacco (Nicotiana tabacum), it exhibits a-fucosidase activity not
only against a model compound, 2-fucosyl-lactose, but also
against XyG oligosaccharides as it converts XXFG to XXLG and
releases fucosyl residues from the XyG polymer (Léonard et al.,
2008). This designation is consistent with the observed increase
in fucosylated XyG oligosaccharides in the axy8 mutants due to a
nonfunctional fucosidase. Hence, the impact of AXY8 on overall
fucosidase activity present in Arabidopsis was assessed. Protein

axy8 Mutant 4027

A
Atdg34260 - FUC954
axy8-1
W418Stop axv8-3

axy8-5 axy8-6  PS62L

RT-PC RT AG

axy§-2 axy8-4

R398Stop gyy8-7 Cs511Y
W441Stop
b
° b::{ AY bo' b
& P& &
& & &
AXYS — — p—
ACT3
C
z 535 A
E
g ~525 2
S by 30
2 E
S8 20
2%
o 10 4
=]
4 0 =l
B s 3 w9 ¥ B
oo
S 2 % % 3
g g 3 &
A
o

Figure 2. axy8 Mutants: Genetic Properties and Activity.

(A) Gene model of At4g34260, including the location of the non-sense
and mis-sense mutations and T-DNA insertions of the various axy8
alleles. The location of the amplicon for RT-PCR of AXY8 (see [B]) is
shown as a dotted line; black rectangles indicate exons, white rectangles
indicate the untranslated regions, and black lines indicate introns.

(B) RT-PCR transcript analysis of AXY8 in etiolated seedlings of the
various axy8 mutants, AXY8 overexpression line (35S:AXY8), and Col-0
wild type using ACTIN3 (ACT3) as an internal control.

(C) The 1,2-a-L-fucosidase activity in extracts of etiolated seedlings
obtained from various axy8 mutants, the AXY8 overexpression line (35S:
AXY8), and Col-0 wild type. The 1,2-a-L-fucosidase activity was tested
against 2-fucosyllactose (n = 3, +sD). pkat, picokatal.

extracts from various axy8 mutants (EMS and T-DNA insertion
lines) were tested for fucosidase activity against 2-fucosyl-
lactose; indeed, a >80% drop in activity was observed in all
mutants (Figure 2C). The data provide further evidence that AXY8
encodes a fucosidase represented by At4g34260.

By contrast, constitutive expression of AXY8 led to a 24-fold
increase in fucosidase activity in plant extracts. The dominance
of AXY8 as a source of plant fucosidase activity is consistent
with its ubiquitous expression, as shown by AXY8 promoter-
B-glucuronidase (GUS) fusion analysis (see Supplemental Figure
3 online). In etiolated seedlings, where the axy8 XyG oligosac-
charide phenotype was observed, AXY8 seems to be expressed



4028 The Plant Cell

in all tissues, including all cell layers of the hypocotyl. In adult
plants, expression seems to be strongest in vascular tissue, in
leaf trichomes, in the root elongation zone, and in emerging
lateral roots, but it is also present in other tissues at a low level
(see Supplemental Figure 3 online). Consistent with the ubiqui-
tous expression of AXY8 is the data obtained from XyG OLIMP
analysis of various plant tissues (see Supplemental Figure 4
online) demonstrating the presence of the axy8 structural XyG
phenotype, higher fucosylation levels, and unusual XyG oligo-
saccharides in leaves and flowers.

The subcellular localization of the fucosidase AXY8 was in-
vestigated by transient expression of its green fluorescent pro-
tein (GFP) fusion constructs in tobacco epidermal cells (Figure 3;
see Supplemental Figure 5 online). The AXY8-GFP fusion was
present in the apoplast and was retained in the apoplast when
the plasma membrane, as indicated by the marker FM 4-64,
receded under plasmolysis-inducing conditions (Figure 3J; see
Supplemental Figure 5 online). These experiments confirmed
earlier reports that AXY8 represents a soluble protein (Léonard
et al., 2008) and that plant fucosidase activities can be found in
apoplastic extracts of plants (de la Torre et al., 2002; Frankova
and Fry, 2011).

Apoplastic proteins are translated into the lumen of the endo-
plasmic reticulum, transiently move through the Golgi apparatus,

.

Figure 3. Transient Expression of p35S:AXY8-GFP in Nicotiana ben-
thamiana.

Infiltration of p35S:AXY8-GFP showing GFP channel (A) and FM 4-64
(plasma membrane marker) channel (B). Infiltration of FM 4-64 showing
GFP channel (C) and FM 4-64 channel (D). Coinfiltration of p35S:AXY8-
GFP and FM 4-64 showing GFP channel (E) and FM 4-64 channel (F).
Coinfiltration of p35S:AXY8-GFP and FM 4-64 under plasmolysis-
inducing conditions with 1 M mannitol showing GFP channel ([G];
enlarged in [I]), FM 4-64 channel (H), and enlarged merge of both
channels (J). Images were acquired with a Zeiss LSM 710. Bars = 25 pm.

and are exported via exocytosis into the apoplast. Hence, there
is a possibility that the fucosidase protein might come in contact
with XyG in the Golgi apparatus. To assess if the fucosidase acts
on XyG in the Golgi, a microsomal preparation was generated
from etiolated seedlings, essentially separating microsomes
from the cell wall (Obel et al., 2009). The XyG structure in both
fractions was assessed by OLIMP (Figure 4). Both fractions
harbor similar XyG oligosaccharide structures in axy8. However,
in the wild-type (Col-0) wall preparation, fucosylated XyG oligo-
saccharides (allF; see Supplemental Table 1 online) are reduced
in relative abundance compared with the microsomal prepara-
tions. This is consistent with the action of a fucosidase in the
apoplast. axy8 microsomes contain a higher degree of fucosy-
lated XyG oligosaccharides than do Col-0 microsomes, suggest-
ing that the fucosidase can act to some extent already in the
microsomes. However, it appears that AXY8 is mainly active in
the apoplast, as wall XyG from axy8 contains 60% more
fucosylated XyG oligosaccharides compared with Col-0 (see
Supplemental Table 1 online). Furthermore, the abundance of
fucosylated XyG oligosaccharides in the axy8 mutant remains
constant in the wall fraction compared with the microsome
fraction, again consistent with a lack of apoplastic fucosidase
action (Figure 4; see Supplemental Table 1 online).

In summary, the data are consistent with AXY8 representing an
a-fucosidase that acts on XyG once deposited in the cell wall.
Furthermore, the unusual oligosaccharides present in axy8 (Fig-
ure 4, arrows) occur only in the wall fraction, not the microsomal
fraction, indicating that they arise through metabolism of XyG in
the apoplast rather than biosynthesis in the Golgi apparatus.

Axy8 Contains Underxylosylated XyG Fragments

The XyG structure in axy8 is distinctly different from wild-type
XyG in three aspects (Figure 5B). An increase in the fucosylated
XyG oligosaccharide XXFG is observed along with a concomitant
decrease in the abundance of XXLG and unusual small XEG-
generated ions (mass-to-charge ratio [m/z] <1700) that are not
present in wild-type XEG extracts, with m/z 967, 1099, and 1129.
In addition, when extending the mass range of the mass spec-
trometer, other XEG-generated ions appear that are much larger
than the usual XyG oligosaccharides found in plants with m/z of
1849, 2011, 2025, 2158, and 2319.

To determine the structure of the unusual small XyG oligosac-
charides, an attempt was made to purify or at least enrich them
for subsequent analysis. Using a combination of size-exclusion
chromatography followed by reversed phase chromatography,
fractions could be collected whose major components were these
unusual XyG oligosaccharides: in the case of fraction 1, m/z 967
and 1129; in the case of fraction 2, m/z 1099 coeluting with the
regular XyG oligosaccharides m/z 1085 (XXXG) and 1247 (XLXG/
XXLG; Figure 6A). The mass of all four unusual ions is consistent
with a sugar composition of a single deoxyhexose, one or two
pentoses, presumably Xyl, and various contents of hexoses (805,
HexosesPentose;Deoxy,; 967, HexosesPentose;Deoxy.;1099,
Hexose,Pentose,Deoxy,; 1129, HexosesPentose;Deoxy,).
Since MS cannot determine the nature of the deoxyhexosyl or
hexosyl residues, "TH-NMR was used on the two fractions to
gain further insight into the structures of these unusual
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Figure 4. Comparison of XyG Oligosaccharide Profiles Generated by OLIMP from Cell Walls and a Microsome Preparation of the Same Etiolated

Hypocotyl Material.

Quantitative statistical analysis of OLIMP data is presented in Supplemental Table 1 online. Arrows indicate unusual XyG oligosaccharides found in axy8

(Figure 1).

oligosaccharides (Perrin et al., 2003; Hoffman et al., 2005; Figure
6B). The "H-NMR spectrum of the wild-type XyG oligosaccha-
rides contained resonances at 8 5.273 (H-1 of a-L-Fucp), 8 5.145
(H-1 of 2-linked a-D-Xylp), and 8 5.616 (H-1 of 2-linked B-D-Galp),
diagnostic for the presence of the a-L-Fucp-(1— 2)-B-D-Galp-
(1 —2)-a-D-Xylp side chain at O6 of a B-D-Glcp residue at any
position in the oligosaccharide except the nonreducing end. The
spectrum of the axy8 XyG oligosaccharides contained these
resonances along with additional resonances (8 5.287, 8§ 5.137,
and 8 4.621) diagnostic for the presence of structures such as FG
and FGG, which have fucosylated side chains at O6 of the 3-D-
Gilcp residue at the nonreducing end (Spronk et al., 1997). Based
on this information, the most probable structure for Hexoses.
Pentose ;Deoxy is FG. Furthermore, the spectrum of the axy8
XyG oligosaccharides contains a resonance at d 4.476, charac-
teristic of a nonreducing terminal Gic linked to a Glc residue bearing
a fucosylated side chain, such as in GFG, which has been isolated
from apple (Malus domestica) XyG (Spronk et al., 1997). These
resonances are consistent with the structure GFG for the oligo-
saccharide with the composition Hexose,Pentose;Deoxy4. How-
ever, the presence of the structure FGG cannot be ruled out without
purification of the oligosaccharides. Similarly, the oligosaccharide
HexosesPentose;Deoxy may correspond to the structures GFGG,
GGFG, and/or FGGG. The NMR spectrum of fraction 2 (Figure 6B)
is very similar to a control XyG oligosaccharide sample obtained by
XEG digest of wild-type walls. This is not surprising, as the major
XyG oligosaccharides are XXXG and XLXG/XXLG. However, it
also contains resonances at & 5.273, & 5.145, and & 4.616
characteristic of oligosaccharides with a fucosylated side chain
at 06 of the B-D-Glcp residue next to the reducing end. Based
on the NMR data, the most probable structure for the oligo-

saccharide in this fraction is XFG (Hexose,Pentose,Deoxy,). In
summary, the unusual XyG oligosaccharides present in axy8 do
not appear to be novel XyG structures but rather truncated
versions of fucosylated XyG oligosaccharides with backbone
structures having fewer than the usual four glucosyl units. The
data also indicate that the Xyl content of the axy8 XyG is
reduced compared with the wild type.

An attempt was made to elucidate the structures of the large
(>1700 D) unusual XEG released XyG oligosaccharides not found
in wild-type Arabidopsis. It was noted that while these oligosac-
charides are present after an XEG digest of axy8 walls, they were
absent when digesting axy8 wall preparations with a commercial
endo-B-1,4-glucanase (EG; Figure 5C). Other features of the axy8
XyG structure remained upon EG digestion (i.e., the smaller
unusual oligosaccharides described above and a higher degree
of XyG fucosylation). In particular, the unusual XyG oligomer
consistent with a structure of GFG was very prevalent (Figure 5C;
see Supplemental Table 1 online). Therefore, the large XyG
oligosaccharides have structural properties that allow them
to be hydrolyzed with EG but not XEG. Using high-performance
anion exchange chromatography (HPAEC) with subsequent
matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) analysis, a fraction could be collected that was enriched in
these larger XyG oligosaccharides (Figure 5D). Based on the
mass, the likely side chain composition (G, X, or F) could be
assigned. When using these putative compositions, the oligosac-
charides would have a backbone of between six and seven
glucosyl units. However, the order of the side chains could not be
ascertained by MS. To gain more insight into the order of the side
chains, the enriched large XyG oligosaccharides were reduced
with deuterated NaBD, to their respective alditols (-ol; Figure 5D)
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Figure 5. OLIMP Analysis of XyG Oligosaccharides Released from
Walls.

One-letter code XyG oligosaccharide nomenclature according to Fry
et al. (1993). Parentheses indicate potential composition of XyG oligo-
saccharides based on m/z of the ions.

(A) OLIMP of an XEG digest of wild-type (Col-0) etiolated seedlings.

(B) OLIMP of an XEG digest of axy8-1 etiolated seedlings. Arrows
indicate unusual XyG oligosaccharides that are not detected in Col-0.
(C) OLIMP of an EG digest of axy8-1 etiolated seedlings.

(D) Mass spectrum of a XEG digest fraction enriched for XyG oligosac-
charides that are larger than ~1700 D after reduction to their corre-
sponding alditols.

(E) Mass spectrum of oligosaccharides in (D) further digested with EG.
Proposed structures are placed on top of the ions. Statistical analysis of
OLIMP data is presented in Supplemental Table 1 online.

specifically labeling the reducing end of the large oligosaccharides.
They were then digested with EG (Figure 5E). The ions of the resulting
reduced XyG oligosaccharides are consistent with the regular XyG
oligosaccharides found in Arabidopsis XyG, XXXG and XXFG. The
resulting nonreduced XyG is consistent with the unusual XyG
oligosaccharides observed in axy8, FG and GFG. One oligosaccha-
ride consistent with XFG was found in both reduced and unreduced
form. Hence, the likely structures of the large XyG oligosaccharides

are FG-XXXG or FG-XXFG, GFG-XXXG or GFG-XXFG, or XFG-XFG
and GFG-XFG. All of those cases have in common that a fucosylated
XyG fragment resides on the nonreducing end and an oligosaccha-
ride with an X residue on the reducing end. However, whereas these
are the most likely side chain scenarios, other side chain distributions
cannot be excluded. In any case, it is clear that the large unusual XyG
fragments contain the smaller unusual XyG fragments not present in
Arabidopsis wild-type walls.

The absolute amount of XyG present in the walls can be
determined by HPAEC-pulsed amperometric detection (PAD)
using an XXXG standard curve (see Supplemental Figure 6 online;
Table 1). Since XEG does not release all XyG present in the walls
(Pauly et al., 1999a), an extraction with alkali was performed to
capture the structure of as much XyG as possible (Table 1). Based
on these data, the total amount of the unusual XyG fragments
(small and part of the large oligosaccharides) make up ~19% of
all XyG oligosaccharides released by enzyme (XEG; Table 1). Total
XyG stripped of microfibrils using alkali contain only 7% of
these XyG fragments, while XyG in the alkali fraction after enzy-
matic predigestion contains only 4% of these fragments. Hence,
the fragments are dominant in an enzyme-accessible domain of
XyG in the wall, hinting that they might be derived through
apoplastic enzymes. Whereas the total amount of XyG present
in the wall is not significantly different between wild-type and axy8
walls (Table 1; 4 M KOH extractable XyG), there is a significantly
larger proportion of XyG that can be extracted with the enzyme
XEG from axy8 walls (Table 1; XEG-accessible XyG) and a con-
comitant lower amount of XyG remaining in the wall after the
enzyme pretreatment (Table 1; 4 M KOH-extractable XyG after
XEG digestion). Therefore, inactivating a fucosidase as in axy8
leads to an increase in enzyme-accessible XyG.

The dominant structural feature of axy8 XyG isits increase in
fucosylation. Given the lack of a fucosidase activity in axy8,
this is not surprising. The total amount of fucosylated XyG
oligosaccharides including the unusual fucosylated XyG frag-
ments is increased from 39% in wild-type Arabidopsis XyG to
54% in axy8 XyG (Table 1; 4 M KOH extractable XyG). This
increase is independent of the XyG domain, as the enzyme-
accessible domain (31% wild type to 63% in axy8; XEG; Table
1) and the remaining alkali-extractable domain (42 to 54%;
4 M KOH after XEG) display an increase in fucosylation. The
quantitative analysis of XyG oligosaccharides by HPAEC
allows also the separation of the structural isomers XLXG
and XXLG unlike MS methods such as OLIMP (see Supple-
mental Figure 6A online). The oligosaccharide XXLG is dras-
tically reduced in axy8-1 compared with wild-type seedling
walls (Table 1), by 64% (5.0 to 1.8 wg mg~") in total alkali
extractable XyG; again, in both XyG domains, 78% in the XEG
accessible domain and 66% in the XyG domain closely at-
tached to the cellulose microfibrils.

A XyG:a-Xylosidase Is Required for the Generation of the
Unusual XyG Fragments in axy8

The origin of the unusual XyG oligosaccharides was assessed
using a genetic approach. One hypothesis is that these frag-
ments are the result of partial degradation of XyG. For this to
occur, other glycosidases would be necessary. One prominent



axy8 Mutant 4031

A .
Fraction 1
w
E GFG/(FGG)
2 (967)
=1
=)
«
2 FG GFGG
2 (EI) J (1129)
600 m/z 1600
Fraction 2 XXXG

3 (1085)
=
<
=
5
2 XFG
2 (1099)
= XXLG/XLXG
= (1247)

A Nw

600 m/z 1600
2.Xyl
B et
tFuc L _F t-Xyl  Col0
X

Fraction 1

N

Fraction 2

N

L B e e . U R [ N B S B B S B B S S N B S By I B S B B

530 5.20 5.10 5.00 4.90 4.80 4.70 4.60 4.50 ppm

Figure 6. Structure of Unusual XyG Oligosaccharides.

(A) MALDI-TOF mass spectra of fractions 1 and 2 of partially purified XyG oligosaccharides isolated from axy8 (for purification details, see Methods). m/z
of the most abundant ions and their proposed structures (see [B]) are highlighted.

(B) Anomeric regions of the "TH-NMR spectra of XyG oligosaccharides obtained by XEG digest from wild-type plants and fractions 1 and 2 of partially
purified XyG oligosaccharides from axy8. The residues corresponding to each group of anomeric proton resonances are indicated at the top of the
graphs. The location of each of these residues in particular side chains (X, L, or F), along with the location of the side chain in the oligomer, is indicated
below the brackets. FG, fucosylated side chains at O6 of the 3-D-Glcp residue at the nonreducing end; —FG, fucosylated side chain at O6 of a 3-D-Glcp
residue at any position except the nonreducing end; GF, nonreducing terminal Glc linked to a Glc residue bearing the fucosylated side chain.

glycosidase would be an a-xylosidase, as this enzyme is the
first enzyme to remove the xylosyl residue from the nonreduc-
ing end of a XyG polymer or oligomer (Guillén et al., 1995;
Iglesias et al., 2006). Therefore, axy8-1, the fucosidase mutant,
was crossed with axy3-1, a mutant with an inactive XyG:a-
xylosidase (Gunl and Pauly, 2011). XyG analysis by OLIMP and
HPAEC of the double mutant indicated a complete lack of the
unusual XyG fragments (small and large; Figure 1, Table 1; see
Supplemental Figure 6 online). Hence, the xylosidase is required for
generating these fragments. The axy8 XyG phenotype with a higher
degree of fucosylation still prevails in the double mutant. XyG in the
xylosidase mutant axy3 can be extracted to a larger extent both with

enzyme and alkali (Ginl and Pauly, 2011; Table 1, total XyG
oligosaccharides). While still present in the double mutant in total
alkali-extracted XyG and each XyG domain, it does not reach the
high amounts as in axy3 alone.

axy8 Does Not Exhibit Changes in Other Wall
Monosaccharides nor in Plant Growth or Morphology

The overall cell wall structure of the axy8 mutants was assessed
beyond XyG. The monosaccharide composition of the matrix
polysaccharides showed an increase in wall Fuc levels in all axy8
alleles tested and a corresponding decrease in wall Fuc levels in
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Table 1. Quantification of XyG Oligosaccharides of Etiolated Seedlings by HPAEC-PAD

XyGO Composition (ug mg—")

Arabidopsis Plant Total Alkali-Extractable XyG

XXG XXXG XXLG XXFG XLFG XFG GFGXXXG GFGXXFG Total Fa Total XyGOs
Col-0 20+x05 109+*05 50=*x02 111 *=0.7 05=*=01 ND ND ND 11.6 = 0.7 30.0 =15
axy8-1 13+01 11408 18*+01 143*x09 07x01 1101 06=*+01 07=*x00 173 *x12 323 =*22
axy3-1 16+03 161 =18 121 +*16 11.8*=14 07 =x01 ND ND ND 125 + 15 425 +52
axy3-1 axy8-1 14+01 13907 26+02 188 =08 0.7 0.0 ND ND ND 19.6 = 09 37.6 £1.8

XEG-Accessible XyG

XXG XXXG XXLG XXFG XLFG XFG GFGXXXG GFGXXFG Total Fa Total XyGOs
Col-0 02+00 13=*x02 0901 1002 01 *00 ND ND ND 11+02 35=*=05
axy8-1 0.1 £00 1.5 =01 02*+00 20*+01 01*x00 03*x00 03x00 03=*=0.0 29*+02 48=*03
axy3-1 03+x00 42*+x04 4404 13=*x01 01=x00 ND ND ND 14 +02 102 =1.0
axy3-1 axy8-1 0200 34*+x05 02x01 47=*x08 02=x00 ND ND ND 49+08 87=*14

Alkali-Extractable XyG after Removal of XEG-Accessible XyG

XXG XXXG XXLG XXFG XLFG XFG GFGXXXG GFGXXFG Total Fa Total XyGOs
Col-0 15+*02 10105 41*=03 11.0x05 05*0.0 ND ND ND 11.5 =06 274 05
axy8-1 0.7 £ 0.1 9104 14*+01 11.8+x06 05+*x00 05*00 03*x00 03*00 134 0.7 249 = 0.7
axy3-1 09+01 126+03 82*03 104 =03 05=*00 ND ND ND 10.9 £ 0.3 32.8 0.3
axy3-1 axy8-1 08+02 103*+05 1.7x01 14108 05=x00 ND ND ND 146 =08 27.4 £0.8

XyG oligosaccharide nomenclature according to Fry et al. (1993). The mean value of six independent XyG extractions (+sD) is shown. The amounts of
XyG oligosaccharides GXXG, GFG, GFGG, FGXXXG, GFGXFG, and XFGXFG are not high enough for HPAEC-PAD quantification. ND, not detected.
aTotal F comprises all fucosylated XyG oligosaccharides (XXFG, XLFG, XFG, GFGXXXG, GFGXXFG).

the AXY8 overexpression line (see Supplemental Table 2 online).
Other significant changes were not consistent in all axy8 alleles.
Hence, based on wall monosaccharide compositional analysis,
there is no evidence of an alteration of the structure or abun-
dance of any wall polymer other than XyG.

All axy mutants mentioned here with the exception of axy3,
which has shorter siliques and lower seed set as previously
described (Glnl and Pauly, 2011), did not differ from Arabidopsis
wild-type plants in terms of growth morphology of seedlings or
adult plants (data not shown). The axy3 phenotype prevailed in
the axy8-1 axy3-1 double mutant (data not shown), indicating
that an apparent lack of a fucosidase does not have any impact,
positive or negative, on this phenotype.

DISCUSSION

XyG is the major hemicellulose in the primary walls of dicots. Its
structure is relatively well described, and it is the wall polymer
about which the most information is known in terms of genes
involved in its biosynthesis (Scheller and Ulvskov, 2010).
Hence, we consider XyG an excellent model for studying
general mechanisms of wall heteroglycan biosynthesis and
metabolism.

AXY8, a Dominant Apoplastic Acting XyG:«-Fucosidase

Fucosidases acting on XyG have been studied for some time due
to the proposed importance of XyG fucosylation: Fucosyl resi-
dues on XyG oligosaccharides are thought to act as signaling
molecules, oligosaccharins, inhibiting auxin dependent cell elon-
gation, whereas the nonfucosylated XyG oligosaccharides do

not (York et al., 1984). Substitution of the fucosyl residue with an
L-galactosyl residue has the same effect (Zablackis et al., 1996).
Fucosylation of the XyG polymer is thought to impact binding to
cellulose microfibrils (Levy et al., 1997). These studies estab-
lished the role of XyG metabolism in cell elongation and, thus,
plant growth.

Two Arabidopsis genes have been proposed to encode XyG:
fucosidases: FXG1, as it exhibits a-fucosidase activity against
XyG oligosaccharides when heterologously expressed (de la
Torre et al., 2002), and Fuc95A that when expressed heterol-
ogously as previously shown is able to release Fuc from XyG
oligosaccharides and polymers (Léonard et al., 2008). How-
ever, their role in planta has not been established yet. Here, we
present the characterization of an Arabidopsis fucosidase
mutant, axy8. AXY8 (Fuc95A; At4g34260) is the only member
of the CAZY hydrolase family 95 in Arabidopsis. Since the
fucosidase activity in the axy8 mutant extract is reduced by
>80% against the model substrate 2-fucosyl-lactose (Figure
2C) and the axy8 phenotype has been observed in all tissues
tested (Figure 1; see Supplemental Figure 4 online), AXY8
seems to be the dominant fucosidase in XyG metabolism in
etiolated seedlings in vivo. What role FXG1, which is not
evolutionarily related to AXY8 and has not been assigned to
any CAZY glycosylhydrolase family, plays in XyG metabolism in
vivo remains to be investigated.

Based on previous biochemical studies (de la Torre et al.,
2002; Frankova and Fry, 2011) and confirmed by GFP experi-
ments presented here, AXY8 is localized in the apoplast (Figure
3). Based on OLIMP of microsomal fractions, it acts mainly but
not exclusively on XyG after secretion into the apoplast (Figure 4;
see Supplemental Table 1 online).



Trimming of XyG Side Chains by Glycosidases Is Essential to
Generate Structural Diversity

XyG in Arabidopsis and many dicots contain only four side chain
substituents (xylosyl, galactosyl, O-acetyl, and fucosyl residues),
which are linked in a specific order: L-Fucp-a-(1—2)-[acetyl-
(1 —6)]-D-Galp-B-(1 — 2)-D-Xylp-a-(1 —6)-D-Glcp or as repre-
sented in the one-letter code, F. The glycosyltransferases, but
not the acetyltransferase, that lead to these specific linkages
have been identified (Scheller and Ulvskov, 2010). However,
XyG is not completely composed of this unit, as for example . . .
FFFF... is not found, but rather derivatives/fragments of this
maximum side chain F as in X, L, F, and L. The mechanism that
determines this variety of the side chain fragments is not known.
Furthermore, when XyG is digested with endoglucanases, such
as XEG, XyG oligosaccharides are generated with units of four
side chains each, termed XXXG-type structures (Vincken et al.,
1997), resulting in 11 distinct XyG oligosaccharides in Arabidop-
sis (Figure 1). Again, the mechanism that determines the order of
the side chains within these oligosaccharides is not known.

In general, the fine structure of any polymer in the plant cell wall
is determined by two processes: its synthesis by glycosyltrans-
ferases and its potential further modification by, for example,
glycosylhydrolases. It is assumed that these two processes
occur in separate cellular compartments for XyG: Synthesis
occurs in the Golgi apparatus (Lerouxel et al., 2006), and mod-
ification/trimming by glycosylhydrolases occurs in the apoplast
as shown here with fucosylation of XyG. Based on the XyG
analysis of the double mutant axy8 axy3 with an inactive fuco-
sidase and xylosidase, the diversity of the XyG oligosaccharide
composition can be markedly reduced to mainly two oligomers,
XXXG and XXFG, in etiolated seedlings (Figure 1; see Supple-
mental Table 1 online). Hence, these apoplastic glycosidases
play a crucial role in generating structural diversity within the XyG
polymer in vivo. Lack of the fucosidase activity alone in axy8
leads to an increase in fucosylation of XyG compared with wild-
type levels (Figure 1; see Supplemental Table 1 online).The
amount of XXLG in wall XyG is reduced in this mutant by nearly
80% (Table 1). XXLG is unique as it represents the substrate
for the fucosyl-transferase (At-FUT1) active in the Golgi during
XyG biosynthesis (Perrin et al., 1999). Apparently, in vivo this
transferase activity is very potent as nearly all of the XyG is
fucosylated. Heterologously expressed At-FUT1 shows strong
fucosylation activity in vitro on exogenously supplied XXLG
(Leboeuf et al., 2008) but not to the same level as found in vivo.
Therefore, some mechanistic details of in vivo XyG fucosylation
are still lacking. More importantly, it seems that glycosyltrans-
ferases involved in XyG biosynthesis in the Golgi are responsible
for generating XyG with their side chain substituents but play only
aminor role in creating structural side chain diversity in the wall in
vivo. Whereas this statement is supported only by the data
presented here on XyG fucosylation, it will be interesting to see if
it applies also to other wall polymers.

The Role of AXY8 in Apoplastic XyG Metabolism

The apoplast contains numerous glycosylhydrolase activities
that could lead to a complete turnover of XyG, including
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endoglucanases to generate XyG oligosaccharides (Hensel
et al., 1991) and glycosidases (i.e., fucosidase, galactosidase,
xylosidase, and glucosidase activities) (Iglesias et al., 2006). In
particular a XyG:xylosidase (XYL1) has been described that
removes a xylosyl residue specifically from the nonreducing end
of the XyG polymer (Sampedro et al., 2001). The enzyme is
expressed in elongating tissues and is auxin induced (Sanchez
et al., 2003). The initial product, GXXG or GXFG, has been found
in XyG in the elongation zone (Guillén et al., 1995; Pauly et al.,
2001) particularly in the enzyme-accessible domain of the XyG
polymer, demonstrating that XyG metabolism, including glyco-
sylhydrolase activities, play a role in planta. A xylosidase knock-
out mutant, xy/1/axy3 (Sampedro et al., 2010; Ginl and Pauly,
2011), results in more accessible XyG in the wall presumably due
to a lack of XyG turnover. Subsequent removal of the glucosyl
residue by a glucosidase leads to the generation of XXG, a XyG
oligosaccharide with a backbone of three glucosyl residues. This
oligomer has also been found in plant walls (Pauly et al., 2001;
Figure 1; see Supplemental Figure 4 online).

The role of a fucosidase on XyG metabolism in planta had not
been investigated so far. Based on the XyG structure present in
the axy8 mutant and axy8 axy3 double mutant, the following
model of apoplastic XyG metabolism in etiolated seedlings
emerges (Figure 7). XyG is secreted into the wall mainly com-
posed of XXXG and XXFG units. In wild-type plants, XyG can in
essence be completely degraded by the existing glycosidases.
In the axy8 axy3 double mutant, both xylosidase and fucosidase
are inactive; hence, XyG cannot undergo any turnover. However,
in the axy8 mutant, all glycosidases are still active apart from the
fucosidase, resulting in the partially degraded XyG fragments
GGFG, XFG, GFG, down to FG (Figure 5). The data suggest that
these unusual XyG fragments reside at the nonreducing end of
the polymer, as these unusual oligosaccharides can be found at
the nonreducing end of partially digested XyG dimers (Figure 5E).
One exception seems to be XFG. This oligosaccharide can also
be found at the reducing end of the partially digested XyG (Figure
5E). It is likely that it is incorporated into the middle of XyG
through the action of apoplastic XETs. XETs are enzymes that cut
and religate XyG chains or incorporate XyG oligomers into the
polymer (Fry et al., 1992; Nishitani and Tominaga, 1992; Figure
7). XET has been shown to act in vivo specifically in the elonga-
tion zone (Vissenberg et al., 2000) and is thought to play a role in
XyG restructuring (Thompson and Fry, 2001). Recently, it has
been suggested that XETs might function in XyG biosynthesis as
part of a two-phase biosynthesis mechanism; recently synthe-
sized XyG oligosaccharides in the endomembrane system might
be polymerized in the second phase in the apoplast by XETs
(Fincher, 2009; Burton et al., 2010). Oligomers that are xylosy-
lated at the nonreducing end are acceptor substrates for XETs,
whereas nonxylosylated oligosaccharides, such as GXXG, GFG,
or FG, are not, at least with in vitro assays (Lorences and Fry,
1993). Hence, axy8 provides in vivo evidence that degradation of
the XyG backbone via xylo- and glucosidases occurs only or
dominantly from the nonreducing end of a polymer.

Other features of the XyG structure that are based on a lack of
glycosidase activity are that the XyG abundance remains constant
in the wall, but a larger proportion is in the enzyme-accessible
domain of XyG (Table 1). This increase of enzyme-accessible
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Figure 7. Metabolism of XyG in the Apoplast.
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XyG is secreted into the apoplast consisting of a random pattern of only XXXG and XXFG (arrows pointing right). Apoplastic glycoside hydrolases can
metabolize XyG from the nonreducing end. An active fucosidase is missing in the axy8 mutant; axy8 axy3 lacks both active fucosidase and xylosidase. In
the wild type, XyG can be completely hydrolyzed to monosaccharides starting from the nonreducing end. In axy8, XyG can only be hydrolyzed
incompletely; the lack of a fucosidase activity prevents the hydrolysis of side chains with a terminal fucosyl residue. Partially digested unusual XyG
fragments can be detected (red rectangle). In the axy3 axy8 double mutant, no XyG digestion occurs as terminal Xyl blocks XyG digestion.

Secreted XyG can be acted upon by an XET as described by Rose et al. (2002) (arrows pointing left). XET hydrolyzes the XyG polymer, forming a
polymer-XET intermediate. The polysaccharide is then transferred to acceptor substrates such as XyG chains trimmed (or not) by glycosylhydrolases.
The unusual XyG fragments can thus be incorporated into the polymer (red rectangle).

XyG has also been observed in the xylosidase mutant axy3 (Gunl
and Pauly, 2011). Hence, apoplastic glycosylhydrolases are re-
sponsible for reducing the enzyme-accessible domains of XyG,
likely to lock the polymer and make it more inert to metabolic
events.

The Role of XyG in Plant Growth and Development

XyG has been proposed to be a major player in extension growth
(Cosgrove, 1999). Evidence for this role is presented by the
amount of XyG present in elongating tissues (Carpita and
Gibeaut, 1993), structural alterations of XyG during cell elonga-
tion (Pauly et al., 2001), induction of the expression of genes
involved in XyG metabolism during cell elongation and induction
by auxin, a growth hormone (Sanchez et al., 2003), activities of
XyG-acting enzymes in the elongation zone in vitro (Hensel et al.,
1991) and in planta (Vissenberg et al., 2000), and modulation of
cell elongation by XyG-derived oligosaccharides (Darvill et al.,
1992; Takeda et al., 2002).

However, plant mutants with altered XyG structures have
shown a surprising lack of a growth-related plant phenotype. In
mur1, a mutant with a 98% reduction of XyG fucosylation in
aerial plant parts, a mechanical weakness of the stem tissue,

and plant dwarfism was observed (Reiter et al., 1993; Zablackis
et al., 1996). However, this phenotype was later attributed to an
alteration in the pectic polysaccharide rhamnogalacturonan II
rather than XyG (O’Neill et al., 2001). Lack of XyG fucosyl
substituents in mur2 and an additional galactosyl residue in
mur3 did not cause the plants to display growth or morpholog-
ical phenotypes (Madson et al., 2003; Perrin et al., 2003).
However, on a cellular level, a defect in the organization of
the endomembrane/actin system was demonstrated in mur3
(Tamura et al., 2005), and on a macroscopic level, the mutant
was found to resist infection in some tissues (Tedman-Jones
et al., 2008). A XyG:xylosyltranferase mutant (xxt5) showed a
root hair phenotype and alterations in primary root morphology
(Zabotina et al., 2008). An insertional double mutant in the
paralogs xxt1/xxt2 also displayed a root hair phenotype
(Cavalier et al., 2008), but otherwise no growth defects were
observed despite the fact that this mutant lacks detectable
levels of XyG. axy8 follows this trend; despite significant
changes in the XyG structure due to the presence of the
unusual oligosaccharides and an increase in fucosylation, no
growth or morphological phenotype was observed. Arabidop-
sis plants seem to be capable of tolerating significant structural
or metabolic changes in both biosynthetic and apoplastic
hydrolysis pathways. Whether plants compensate by altering



the structure, abundance, and/or macromolecular arrangement
of other cell wall polysaccharides remains to be elucidated.

METHODS

Plant Material and Growth Conditions

The axy3-1, axy8-1 axy8-4, and axy8-7 mutants were identified from an
M2 EMS-mutagenized seed population (Berger and Altmann, 2000; Ginl
and Pauly, 2011). axy8-1 was backcrossed three times to Col-0. T-DNA
insertion mutants of AXY8 were obtained from the GABI-Kat consortium
(axy8-5, Gabi863G09; axy8-6, Gabi444B01). axy3-1 etiolated seedlings
were generated by placing surface-sterilized seeds on 0.5X Murashige
and Skoog media plates (Murashige and Skoog, 1962) containing 1%
(w/v) agar and 1% (w/v) Suc. After stratification for 2 to 3 d at 4°C in the
dark, plant growth was induced briefly by light (6 h, 130 to 140 pwmol
m~2 s~ light intensity) at 22°C. Plates were then darkened by wrapp-
ing three times with aluminum foil, and etiolated seedlings were grown
for 4 to 7 d at 22°C.

Plants used for OLIMP analysis of leaf tissue and flower buds were
grown under long-day conditions (16 h light/8 h dark) at 22°C with 170 to
190 pmol m—2 s~ light intensity in environmentally controlled growth
chambers.

Mapping of axy8

A mapping population for axy8 was generated by crossing axy8-1 (Col-0
background) to Arabidopsis thaliana cv Landsberg erecta. For the bulk
segregant analysis using a microarray approach (Hazen et al., 2005), the
XyG oligosaccharide composition of flowers of single plants from the F2
population was determined by OLIMP. Genomic DNA was prepared from
the leaves of 50 plants with axy8 XyG profiles and 50 with Col-0 XyG
profiles, and 20 ng genomic DNA from each plant was pooled into two
pools, one representing the wild-type phenotype and one representing
axy8. Random labeling of genomic DNA was performed using the
BioPrime DNA labeling system (Invitrogen). Concentrated random
primers were added (60 pL) to 300 ng of genomic DNA together with
water for a total volume of 132 pL. The mix was incubated for 10 min at
95°C and then cooled on ice. Ten times concentrated deoxynucleotide
triphosphate mix with biotin dCTP (15 pL) and 3 pL of Klenow polymerase
were added and incubated overnight at room temperature. The labeled
products were purified by sodium ethanol precipitation using 15 pL of 3M
NaOAc and 400 pL of cold ethanol (absolute). The precipitated DNA was
pelleted by centrifugation for 10 min at 20,000g and 4°C. The supernatant
was discarded and the pellet was washed with 500 pL cold 75% aqueous
ethanol. After another centrifugation step (10 min at 20,0009 and 4°C), the
pellet was air dried for 10 min at room temperature and resuspended in
100 pL water.The randomly labeled genomic DNA was hybridized to an
Affymetrix ATH1 chip (Borevitz, 2006). For fine-mapping, the genetic
background of individual F2 plants was determined by PCR-based
marker analysis. Fine-mapping was performed on 960 F2 plants using
the following markers: F17M5, T16L1, F28A23, F10M10, nga1139, and
T4L20 (primer sequences in Supplemental Table 3 online). Mutations in
the AXY8 locus were identified and confirmed by sequencing.

Subcellular Localization

For the preparation of AXY8 cDNA, RNA was extracted from 5-d-old
Col-0 plants using Trizol reagent (Invitrogen). A cDNA library was then
prepared using M-MLV reverse trancriptase (Invitrogen). The AXY8 cod-
ing sequence was amplified from the cDNA library using Elongase
enzyme (Invitrogen). The primers (see Supplemental Table 3 online)
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carried restriction sites for Xbal and Sall. PCR products were cloned into
pCR8/GW/TOPO. Following digestion of pCR8/GW/TOPO-AXY8 with
Xbal and Sall, the AXY8 coding sequence was subcloned upstream of
mGFP5 (Haseloff et al., 1997) into the binary vector pVKH18En6 (Batoko
et al., 2000). The binary vector pVKH18En6-AXY8-GFP was transformed
into Agrobacterium tumefaciens strain GVR101 and used for transient
expression assays in 4-week-old Nicotiana benthamiana plants grown at
25°C. The bacterial optical density (ODgqo) of the Agrobacterium used for
plant transformation was 0.1. Three days after transformation, the plants
were infiltrated with 10 g /mL propidium iodide (MP Biomedical) or 25
wM FM 4-64 lipophilic dye (Life technologies), which stain the cell wall or
the plasma membrane, respectively. To induce plasmolysis, leaf material
was incubated for 10 min in a 1.5-mL tube with 1 M mannitol followed by
wet mounting on a slide with 1 M mannitol. After these treatments, the
abaxial plant epidermis was examined using a X63 oil immersion objec-
tive on a Leica SD6000 microscope attached to a Yokogawa CSU-X1
spinning disc head with a 561-nm laser and controlled by Metamorph
software. GFP was excited with an argon laser at 488 nm, and the signal
was detected with a 525- to 550-nm band-pass filter. Propidium iodide
and FM 4-64 were excited using an argon laser at 488 nm, and the signal
was detected with a 620- to 660-nm band-pass filter. Confocal images
were acquired using 400-ms exposure time, and bright-field images were
acquired using 100-ms exposure time. Images were processed using
ImagedJ and all processing parameters kept constant across individual
channels. In order to enhance visualization of colocalization, the merge
pictures were individually adjusted using the color balance function of
Imaged.

Alternatively, a Zeiss 710 confocal laser scanning microscope was
used to image the leaf material. Samples were excited with 488 nm, and
emission was collected from 493 to 546 nm for the GFP channel (colored
green) and 620 to 660 nm for the FM 4-64 channel (colored red). Image
levels (max intensity, brightness, and contrast) were uniformly adjusted to
improve visibility of GFP signal, and images were merged using ImageJ.

Overexpression of AXY8

The genomic region encompassing the AXY8 gene was amplified by PCR
using the BAC F10M10 as template using the primers shown in Supple-
mental Table 3 online. The PCR product was cloned into a TOPO-XL
vector (Invitrogen) and transformed into Escherichia coli and the genomic
sequence confirmed by sequencing. The gene was then excised from the
TOPO-XL vector using the restriction sites Kpnl and Sacl introduced with
the primers and cloned into pBINAR containing a 35S promoter (Hofgen
and Willmitzer, 1990). The construct was then amplified in E. coli and
transformed into Agrobacterium before transformation of Arabidopsis
(Col-0; Weigel and Glazebrook, 2006).

Tissue Expression by GUS

For tissue expression studies using GUS, a 1.6-kb intergenic region
upstream of AXY8 was amplified from genomic DNA, introducing restric-
tion sites for Spel and BamHI (see Supplemental Table 3 online). The PCR
fragment was ligated into the pORE-R1 binary vector (Coutu et al., 2007)
using the introduced restriction sites. The AXY8 promoter:GUS construct
was transformed into Arabidopsis, and transformants were selected by
growing the T1 seeds on MS agar plates containing kanamycin (50 pg
mL~"). Resistant plants were transferred to soil, and T2 seeds were
collected for GUS expression studies. Whole seedlings and roots were
examined using the B-Glucuronidase Reporter Gene Staining Kit (GUSS-
1KT; Sigma-Aldrich) according to the manufacturer’s instructions.

The procedure for GUS staining of etiolated seedlings was adapted
from Kim et al. (2006). Briefly, etiolated seedlings were grown for 5 d.
Prefixation of the seedlings was performed for 20 min at room
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temperature in 10 mM MES, pH 5.6, with 300 mM mannitol and 0.3% (v/v)
formaldehyde. Samples were rinsed three times with distilled water and a
staining solution was added (50 mM sodium phosphate buffer, pH 7.0,
0.2% [v/v] Triton X-100, 2 mM potassium ferrocyanide, and 2 mM
potassium ferricyanide with 1.3 mM X-Gluc). Staining was performed at
37°C under slight agitation overnight. The staining solution was removed
and the samples were fixed for 2 h with 2% (v/v) glutaraldehyde in 50 mM
PIPES, pH 7.2, at 4°C. The samples were rinsed three times with 50 mM
PIPES, pH 7.2. Seedlings were placed in 70% (v/v) ethanol, and staining
was documented using a dissecting microscope.

Seedlings intended for sectioning were embedded in 1% (w/v)
agarose (50 mM sodium phosphate buffer, pH 7.0) prior to prefixation
and staining. Prefixation, staining, and postfixation were performed as
described above. After postfixation and washing in 50 mM PIPES, pH
7.2, the samples were dehydrated in a graded series of ethanol-water
(30, 40, 50, 60, 70, 80, and 95% [v/v]) with 15-min incubation at each
step. This was followed by three incubations with anhydrous ethanol (15
min each). The ethanol was replaced with medium-grade LR White with
LR White catalyst (Sigma-Aldrich), and the samples were placed under
vacuum for 6 h at room temperature. The LR White was replaced with
fresh LR White, and the samples were incubated overnight at room
temperature. Single specimens were transferred to 1.5-mL microcen-
trifuge tubes, and LR White with catalyst and accelerator was added,
covering the specimen. Sections of 5 um were produced using a Leica
RM2265 rotary microtome and stained with Safranin-O as described by
Kim et al. (2006).

Transcript Analysis by RT-PCR

For AXY8 expression analysis, RNA was extracted from 5-d-old etio-
lated seedlings using the RNeasy kit (Qiagen) following the instructions
of the manufacturer. Total RNA was treated with DNase | (Roche) and
transcribed into cDNA using Superscript Il (Invitrogen) according to the
guidelines of the manufacturers. For PCR reactions, JumpStart REDTaq
ReadyMix PCR reagent (Sigma-Aldrich) was used in a total volume of 20
rL containing 0.5 wM forward and reverse primer and 1 pL cDNA
template. Primer sequences can be found in the Supplemental Table 3
online. PCR reactions started with an initial heating step (5 min, 94°C),
followed by 28 cycles consisting of denaturation (30 s, 94°C), annealing
(30 s, 60°C), and extension (40 s, 72°C). The PCR concluded with a final
incubation at 72°C for 10 min. PCR products were separated on a 4%
agarose gel.

Fucosidase Activity Assay

Protein extraction was essentially performed as previously described
(Sampedro et al., 2010). After grinding of ~1.2 g etiolated seedlings (4 d
old) in liquid nitrogen, proteins were extracted with 9 mL of 50 mM sodium
acetate buffer, pH 4.5, containing 1 M sodium chloride and 1X Halt
Protease Inhibitor Cocktail (Thermo Scientific) for 2 h. The insoluble cell
debris was removed by centrifugation, and the supernatant was concen-
trated in Amicon Ultra centrifugal filter units (Millipore) with a 10-kD
molecular weight cutoff and washed twice with 10 mL 20 mM sodium
acetate buffer, pH 5.0. The second wash contained 1x Halt Protease
Inhibitor Cocktail. The extraction was performed at 4°C. The protein
concentration was determined using the Bradford assay (Bio-Rad).

For a-1,2 fucosidase activity assays, 50 pL of 205 uM 2-fucosyllactose
(Carbosynth) in 50 mM ammonium formate, pH 4.5, was digested
overnight with 2 to 5 n.g protein equivalents at 22°C. To avoid substrate
depletion, activity assay for the 35S:AXY8 line was performed for 4 h.
Released lactose was quantified using a HPAEC system (Dionex)
equipped with a CarboPac PA200 coupled to a pulsed amperometric
detector. Sugars were separated in a gradient for 9 min from 0 to 80 mM

sodium acetate in 100 mM sodium hydroxide and a flow rate of 400 pL
min~—". The column was flushed with 300 mM sodium acetate in 100 mM
sodium hydroxide for 4 min and then reequilibrated in 100 mM sodium
hydroxide for 3 min after separation.

Preparation of Microsomes

Microsome extraction was adapted from Munoz et al. (1996) and Ginl
et al. (2011) with minor modifications. The complete procedure was
performed at 4°C, and all solutions were prechilled. Briefly, ~10to0 20 g
etiolated seedlings (4 d old) were finely chopped with a razor blade and
homogenized with pestle and mortar in 8 mL 16% (w/v) Suc phosphate
buffer (100 mM potassium phosphate buffer and 10 mM magnesium
chloride, pH 6.65). After filtration through a nylon mesh, the extract was
centrifuged for 10 min at 2000g and the supernatant was carefully
transferred on top of a layer of 8 mL 38% (w/v) Suc phosphate buffer in
38.5-mL ultracentrifuge tubes (Beckman). After ultracentrifugation for 100
min at 100,000g, the microsomal layer above the 38% (w/v) Suc phos-
phate buffer was recovered with a Pasteur pipette and microsomes were
diluted 1:2 with water. To pellet microsomes, samples were centrifuged
for 60 min at 100,000g. After centrifugation, pellets were washed twice
with 1 mL STM buffer (0.25 M Suc, 10 mM Tris-hydrochloride, and 1 mM
magnesium chloride, pH 8.0). The pellet was eluted in 1 mL of STM buffer,
and the protein concentration was determined by the Bradford assay
(Bio-Rad).

Extraction of Alcohol-Insoluble Residue

Alcohol-insoluble residue (AIR) of whole-plant material was produced
from as little as single etiolated seedlings up to as much as 80 mg of
freeze-dried plant material. Plant material was snap frozen in liquid
nitrogen and ground in a ball mill (Retsch) to a fine powder. After
adding 1 mL of 70% (v/v) aqueous ethanol, samples were vortexed
thoroughly and centrifuged (20,817 rcf, 10 min). After removal of the
supernatant, samples were extracted with 1 mL 1:1 (v:v) chloroform:
methanol. The supernatant was discarded and samples were dried.
Extraction with each solvent was repeated until samples gave clear
supernatants.

AIR from microsomal preparations was produced from a sample
containing 100 pg protein equivalent. Microsome samples were dried
by vacuum centrifugation and extracted once with 1 mL 1:1 (v:v) chlo-
roform:methanol. After centrifugation (20,817 rcf, 10 min), 1 mL 80% (v/v)
aqueous ethanol was added and samples were vortexed thoroughly and
centrifuged for 10 min at 20,817 rcf. The supernatants were discarded,
and samples were dried in a vacuum centrifuge.

OLIMP of XyG

OLIMP was performed as previously described (Ginl et al., 2010). AIR
derived from etiolated hypocotyls was digested overnight at 37°C with 0.2
units (1 unit releases 1 wmol XyG oligosaccharides per min) XEG in 50 uL
of 50 mM ammonium formate, pH 4.5. EG digest was performed under
the same conditions with 0.2 units (1 unit increases XyG reducing ends by
1 wmol per min) enzyme in 100 L 50 mM ammonium formate. A portion of
the supernatant (10 to 20 plL) containing the XyG oligosaccharides was
desalted with ~10 conditioned BioRex MSZ 501 cation exchange beads
(Bio-Rad). The desalted supernatant (2 nL) was spotted on top of 2 pL
dried matrix (2,5-dihydroxybenzoic acid and 10 mg mL~" in water) on a
MALDI-TOF target plate. The drops were incubated for 5 min at room
temperature and then dried quickly under vacuum. MALDI-TOF MS for
OLIMP was performed on an AXIMA Performance (Shimadzu) instrument
with an accelerating voltage of 20,000 V set to positive reflectron or linear
mode.



OLIMP on leaf tissue was performed on ~100 pg AIR from 6-week-old
plants. OLIMP analysis on flowers was performed on AIR obtained from
four to five unopened flower buds from 6- to 9-week-old plants. AIR from
microsomal fractions was digested at 37°C with 1 unit of XEG in 50 L of
50 mM ammonium formate, pH 4.5.

Partial Purification and Analysis of Unusual XyG Oligosaccharides

For the purification/enrichment of the small (m/z <1700) unusual XyGOs
from the axy8 mutant, 80 to 120 mg AIR from etiolated seedlings was
digested overnight at 37°C with 18 units of XEG in 50 mM ammonium
formate, pH 4.5. The supernatant containing the solubilized XyG oligo-
saccharides was separated by centrifugation. The pellet was further
extracted for 2 d at 4°C with 4 M potassium hydroxide. The supernatant of
that treatment was neutralized with hydrochloric acid and desalted by
dialysis of water under constant stirring using Slide-A-Lyzer dialysis
cassettes (3500 molecular weight cutoff; Pierce) at 4°C. The resulting XyG
polymer was digested overnight at 37°C with 18 units of XEG in 50 mM
ammonium formate, pH 4.5. Both axy8 XyG oligosaccharide extracts
were combined and subjected to size exclusion chromatography on a
FPLC (Bio-Rad) equipped with a Superdex Peptide column (10 mm ID X
300 mm; Amersham Pharmacia Biotech), using an isocratic flow (0.5 mL
min~—") of 50 mM ammonium formate, pH 5.0, and detection by refractive
index (RI-71; Gynkotek). Collected fractions were monitored for XyG
oligosaccharide content by MALDI-TOF MS. XyG oligosaccharides in
some fractions were further fractionated using the FPLC system equip-
ped with a reversed phase column (octadecyl [C-18], monomeric, 4.6 mm
ID X 250 mm; Grace Vydac) using an elution gradient from 6 to 12%
aqueous methanol within 60 min. Fractions were collected and monitored
for XyG oligosaccharide content by MALDI-TOF MS. lons corresponding
to the mass of the unusual ions were present in two fractions, S1 and S2.
The XyG oligosaccharide mixtures in these fractions were analyzed by
TH-NMR as described (Jia et al., 2005). NMR spectra were recorded at
298K using a Varian Inova-600 MHz NMR spectrometer.

For the analysis of the unusual larger XyG oligosaccharides (>1700 D)
occurring in axy8, AIR of etiolated seedlings was digested overnight at
37°C with 1 unit of XEG in 500 pL 50 mM ammonium formate, pH 4.5. The
resulting XyG oligosaccharides were subjected to HPAEC (Dionex) with a
CarboPac PA200 column connected to a pulsed amperometric detector.
XyG oligosaccharides were eluted in 100 mM sodium hydroxide with a
sodium acetate gradient of 0 to 80 mM within 20 min. Eluant between 18
and 22.5 min was collected and neutralized with acetic acid. The XyG
oligosaccharides present in this fraction were desalted by solid-phase
extraction on a tC18 96-well plate (Waters) as described by Hilz et al.
(2007). The tC18 plate was preequilibrated with 400 pL water. After
application of the XyG oligosaccharide solution, the plate was washed
three times with water and the XyG oligosaccharides eluted in methanol
(400 pL). XyG oligosaccharides were dried by vacuum centrifugation. The
fraction with the enriched, large, unusual XyG oligosaccharides was
reduced to its corresponding alditols for 1 h with 200 L sodium
borodeuteride (10 mg mL~") in 1 M ammonium hydroxide. After reduc-
tion, the samples were neutralized with acetic acid and residual borates
were evaporated under a stream of nitrogen as methylesters. The
presence of the large unusual oligosaccharides was confirmed by
MALDI-TOF MS. Reduced XyG oligosaccharides were digested over-
night at 37°C with 0.2 units of endo-1,4-B-glucanase from Trichoderma
longibrachiatum (Megazyme) in 20 pL of 50 mM ammonium formate,
pH 4.5.

For the determination of the XyG oligosaccharide order within the
polymer, XyG was extracted from AIR prepared from 4-d etiolated
seedlings of the axy3-71 axy8-1 double mutant using 500 pL 4 M
potassium hydroxide per 2 mg of AIR. After neutralization of the resulting
supernatant with concentrated hydrochloric acid, XyG was precipitated
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by adding ethanol to a total of 70% (v/v) and stored overnight at 4°C. The
precipitate was spun down for 10 min at 5920 rcf, and the pellet was
washed three times with 10 mL 70% (v/v) aqueous ethanol. The XyG-
containing pellet was dried and digested for various time points with 0.05
units of XEG at 37°C in 500 pL 50 mM ammonium formate, pH 4.5. A
complete XyG digestion was performed using the same conditions but
with 1 unit of XEG overnight.

XyG Oligosaccharide Composition by HPAEC-PAD

Absolute quantification of XyG oligosaccharides was performed by
HPAEC-PAD as described by Giinl and Pauly (2011). For the analysis of
XEG-accessible XyG, 2 mg AIR of 4-d etiolated seedlings was digested
overnight at 37°C with 1 unit of XEG in 500 L 50 mM ammonium formate,
pH 4.5. The supernatant was separated from the wall pellet by centrif-
ugation and transferred to a new test tube. The remaining pellet contain-
ing XEG-inaccessible XyG was washed twice with 1 mL of water prior to
alkaline extraction.

For the analysis of alkaline-extractable XyG, the XEG-treated pellet or
2 mg of AIR from 4-d-old etiolated seedlings was incubated with 500 L 4
M potassium hydroxide. The samples were neutralized with hydrochloric
acid after 4 h of incubation under vigorous shaking. The supernatants
were collected after centrifugation and transferred to a new tube. The
solubilized XyG was precipitated in 10 mL aqueous ethanol (70% [v/v]
final concentration) overnight at 4°C. The XyG-containing pellet was
washed three times with 10 mL 70% (v/v) aqueous ethanol and dried by
vacuum centrifugation. The dried XyG polymer was digested at 37°C with
1 unit of XEG in 500 pL 50 mM ammonium formate, pH 4.5. The XyG
oligosaccharide composition was determined by a HPAEC-PAD system
(Dionex) using a CarboPac PA200 column. XyG oligosaccharides were
separated in 100 mM sodium hydroxide in a gradient from 0 to 80 mM
sodium acetate within 15 min at a flow rate of 400 pL min~". A standard
curve based on XXXG (Megazyme) was used for quantification of the
various XyG oligosaccharides. For the assignment of peaks, fractions (40
pL) were collected between 9 and 18.6 min for MALDI-TOF MS analysis.
For desalting, 10 to 15 beads of conditioned Mixed bed resin TMD-8
(Sigma-Aldrich) were added to 20 to 30 pL of each fraction. XyGO
compositions of fractions were determined by MALDI-TOF as described
above. Furthermore, the retention times of eluted XyG oligosaccharides
were compared with those of XyG oligosaccharide standards obtained by
XEG digestion of Arabidopsis leaf AIR.

Cell Wall Monosaccharide Composition

Monosaccharide compositional analysis was performed on 2 mg of AIR
from 4-d etiolated seedlings. Noncellulosic polysaccharides were hydro-
lyzed by 2 M trifluoroacetic acid, and the resulting monosaccharides were
derivatized to alditol acetates and quantified by gas chromatography as
described (Foster et al., 2010).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AXY8/Fuc95A, a-fucosidase, At4g34260; FXG1- XyG, fucosi-
dase, At1g67830.

Supplemental Data

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

Supplemental Figure 1. Isotopic Resolution of XXXG and XFG
Oligosaccharides.
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Supplemental Figure 2. Microarray and Marker-Assisted Identifica-
tion of the axy8 Mutation.

Supplemental Figure 3. Tissue Expression of AXY8.

Supplemental Figure 4. XyG Oligosaccharide OLIMP Profiles in Two
Different Tissues of axy8 and the Wild Type (Col-0).

Supplemental Figure 5. Transient Expression of AXY8-GFP in Nico-
tiana benthamiana.

Supplemental Figure 6. HPAEC-PAD Quantification of XyG Oligo-
saccharides.

Supplemental Table 1. XyG Oligosaccharide Composition of Wall
Preparations from Etiolated Seedlings.

Supplemental Table 2. Monosaccharide Composition of Wall Prep-
arations from Etiolated Seedlings (n = 3 to 4).

Supplemental Table 3. Oligonucleotide Sequences.
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