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Xylan, a hemicellulosic component of the plant cell wall, is one of
the most abundant polysaccharides in nature. In contrast to dicots,
xylan in grasses is extensively modified by α-(1,2)– and α-(1,3)–
linked arabinofuranose. Despite the importance of grass arabino-
xylan in human and animal nutrition and for bioenergy, the
enzymes adding the arabinosyl substitutions are unknown. Here
we demonstrate that knocking-down glycosyltransferase (GT) 61
expression in wheat endosperm strongly decreases α-(1,3)–linked
arabinosyl substitution of xylan. Moreover, heterologous expres-
sion of wheat and rice GT61s in Arabidopsis leads to arabinosyla-
tion of the xylan, and therefore provides gain-of-function evidence
for α-(1,3)-arabinosyltransferase activity. Thus, GT61 proteins play
a key role in arabinoxylan biosynthesis and therefore in the evolu-
tionary divergence of grass cell walls.
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Cell walls provide shape and strength to different plant cell
types and, moreover, constitute the majority of plant bio-

mass. The cell wall composition of grasses, including the three
most productive food crops, rice, wheat, and maize, and the
energy crops miscanthus and sugarcane, diverged during evolu-
tion from dicots. A major distinguishing feature of grass cell
walls is the prevalence and structure of the hemicellulosic com-
ponent xylan (1). Xylan consists of a linear β-(1,4)-D-xylopyr-
anose (Xylp) chain. It is most commonly substituted by
arabinofuranose (Araf) on the C2- or C3-position in arabinox-
ylan (AX), and (4-O-methyl-) glucuronosyl side chains on the
C2-position in glucuronoarabinoxylan (GAX) and glucuronox-
ylan (GX). The primary and secondary cell walls of grasses
contain substantial amounts of GAX, which is also found in
primary cell walls of dicots, but at much lower abundance (1, 2).
In contrast, xylan in secondary cell walls of dicots is relatively
abundant but devoid of arabinosyl side chains (2). The functional
significance of the different side chains in planta is largely un-
known. In grasses α-(1-3)–linked arabinofuranosyl substitutions
can be esterified with p-coumaric or ferulic acid, the latter
forming cross-links with other (G)AX chains (3) or with lignin
(4). Cross-linking of cell-wall polymers is critical in limiting the
digestibility of polysaccharides for bioenergy production and
animal feed. In addition, AX has a role as dietary fiber in human
foods, particularly in wheat flour, where it constitutes 65–70% of
the nonstarch polysaccharide (5). The degree of arabinosylation
and feruloylation of AX also determines whether it occurs as
soluble or insoluble dietary fiber, which confer different benefits
to human health (6).
In Arabidopsis thaliana (Arabidopsis), several glycosyltrans-

ferases of the GT43 and GT47 families have been shown to be
involved in the biosynthesis of the xylan backbone, including
IRX9, IRX10, and IRX14 (2). The only enzymes characterized
so far that decorate the xylan backbone are members of the GT8
family, GUX1 and GUX2, which are required for glucuronosyl
substitution in Arabidopsis stem (7).

We previously used a bioinformatic approach to identify
candidate genes involved in AX biosynthesis, reasoning that the
greater abundance and different structure of xylan in grasses
compared with dicots should be reflected in the expression of
xylan biosynthesis genes. Orthologs of the xylan backbone syn-
thesis machinery were identified, but GT61 genes were shown to
have the greatest grass expression bias of all of the GTs (8).
However, experimental evidence for the involvement of GT61s
in xylan biosynthesis is lacking. Here we demonstrate that rice
and wheat GT61 family members are responsible for α-(1,3)-
arabinosyl substitution of xylan, and thus name these proteins
xylan arabinosyltransferases (XATs).

Results
Phylogenetic analysis of the GT61 enzymes showed that the
family can be divided into three clades (Fig. S1A), of which only
the divergent Clade C has been functionally characterized as
Golgi-localized β-(1,2)-xylosyltransferases involved in N-glyco-
sylation (9). Clade A is specific for higher plants with no repre-
sentatives in Physcomitrella patens and Selaginella moellendorffii,
and grass genes have undergone extensive duplication. Two Clade
A GT61 genes, TaXAT1 and TaXAT2 (Fig. S1A), are abundantly
expressed in wheat grain (10), which is consistent with their in-
volvement in AX biosynthesis.
Xylan is synthesized in the Golgi apparatus and XAT activity

has been found in wheat Golgi membranes (11, 12). To determine
whether our wheat XAT candidates are Golgi proteins, we
expressed a GFP fusion of TaXAT2 (TaXAT2-GFP) in tobacco-
leaf cells. TaXAT2-GFP fluorescence was detected in punctate
structures that colocalize with the Golgi-marker GONST1 (13)
(Fig. S1B), locating XAT to the site of AX biosynthesis.
We have recently shown that six GT61 genes are expressed

inwheat starchy endosperm and thatTaXAT1 is muchmore highly
expressed than any of the others, including the secondmost highly
expressed, TaXAT2 (14). To investigate a role for GT61 genes
in AX biosynthesis, RNAi constructs were therefore designed
to suppress specifically TaXAT1 expression in the starchy endo-
sperm of wheat. Although TaXAT2 is more expressed than
TaXAT1 in whole-grain (10), in the starchy endosperm TaXAT2
expression is only about 12% of that of TaXAT1 (14) (Fig. S2A).
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The TaXAT1 RNAi construct resulted in suppression of the
endogenousTaXAT1 transcript by 6- to 30-fold, with no consistent
effect on TaXAT2 (Fig. S2 B and C).
Endosperm cell-wall fractions from RNAi lines were analyzed

by digestion with a GH11 endo-xylanase followed by quantifi-
cation of the resulting xylan oligosaccharides by high-perfor-
mance anion-exchange chromatography (HPAEC). The ratios of
oligosaccharide abundance in TaXAT1 RNAi transgenic samples
compared with their azygous control are shown averaged across
independent lines (Fig. 1A; see Fig. S3 for structures of all
substituted xylan oligosaccharides). Interestingly, the abundan-
ces of all oligosaccharides containing monosubstituted α-(1,3)–
linked Araf (XA3XX, XA3A3XX, XA3XA3XX, XA3A2+3XX,
XA3XA2+3XX) were substantially decreased (Fig. 1A), and
these decreases were also highly significant within all lines (Table
S1). None of the other oligosaccharides were consistently af-
fected, although a smaller effect on unsubstituted oligosaccharides
was observed in four lines (Fig. 1A and Table S1). A decrease in
total AX was confirmed by monosaccharide analysis in two of
these lines (Table S2). Cell-wall fractions isolated from endo-
sperm samples were further analyzed by 1H-NMR; this con-
firmed the results from HPAEC showing a specific decrease in
the peak corresponding to H1 of Araf α-(1,3)–linked to mono-
substituted Xylp in AX, whereas the peaks corresponding to H1
of Araf α-(1,2)– or α-(1,3)–linked to di-substituted Xylp were
unchanged (Fig. 1B). The structural changes to AX induced by
the transgene resulted in the water-extractable percentage of
total AX being decreased from 42 to 18% in line 2, and from
33% to 21% in line 3 (Table S2).

These results in transgenic wheat strongly suggest that GT61
family members of Clade A are responsible for arabinosylation
of xylan. To analyze the biochemical activity of GT61s in an
in vivo system without intrinsic arabinosyltransferase activity, we
chose heterologous expression of epitope-tagged wheat TaXATs
in Arabidopsis stem (Fig. S4A). To mimic the situation in wheat
endosperm more closely, we transformed the gux1 gux2 double-
mutant (gux), which lacks glucuronosyl substitutions in stem xy-
lan (7). Stem-derived alcohol-insoluble residue (AIR) was
digested with GH11 endo-xylanase and the resulting fragments
analyzed using polysaccharide analysis by carbohydrate gel-
electrophoresis (PACE). In addition to the characteristic oligo-
saccharides generated by the xylanase digest of gux xylan (X, XX,
XXX) (7), an additional minor fragment clearly detectable be-
tween marker (X)4 and (X)5 was released from the TaXAT2
AIR (Fig. 2A). Further digestion of the xylan oligosaccharides
with arabinofuranosidase GH62, which specifically removes C2-
or C3-monosubstituted α-linked arabinofuranosyl substitutions
(15), showed that the transgene-dependent oligosaccharide is
arabinofuranosidase-sensitive (Fig. 2A). Given the migration in
the gel and the specificities of the enzymes, we predicted the
structure to have a degree of polymerization (DP) of 5, most
probably being either XA3XX or XA2XX.
To determine definitively the structure of the XAT-dependent

xylan oligosaccharide, we used a modified oligosaccharide rela-
tive quantitation using isotope tagging (OliQuIT) method, which
allows comparison of oligosaccharide abundances between
samples by stable isotope tagging (16). Xylanase-digested AIR
from TaXAT2-expressing gux transgenic plants was first com-
pared with oligosaccharides similarly released from gux AIR, and
second to TaXAT2-expressing gux transgenic material addi-
tionally digested with the arabinofuranosidase. Analysis by cap-
illary normal-phase liquid chromatography (NP-LC) followed by
MALDI-ToF-MS shows a single pentose oligosaccharide of DP5
in the XAT transgenic sample (Fig. 3 A and B). In contrast,
structures of DP5 were not observed in the untransformed gux
sample (Fig. 3A) or the XAT transgenic sample after arabino-
furanosidase treatment (Fig. 3B), demonstrating that DP5 is
both XAT-dependent and arabinofuranosidase-sensitive. The
series of cross-ring 1,5X ions of the MALDI-ToF/ToF-MS/MS
analysis showed that a pentose substitution is present on the
penultimate xylosyl residue from the reducing end (Fig. 3C). The
G3 andD2 elimination ions and the formation of the sugar lactone
ion W2 show the presence of a pentose at the C-3 position of this
Xylp (Fig. 3C). Taken together with the arabinofuranosidase-
sensitivity of the DP5 fragment, it can be unambiguously assigned
as XA3XX.
1D 1H, 2D TOCSY and 13C HSQC NMR of extracted xylan

from these plants confirmed that Araf α-(1,3)–linked to mono-
substituted Xylp was present in the TaXAT2-transformed gux
plants, but was not detected in untransformed gux plants (Fig.
S4C). The signal strength suggests that the Ara substitution is
present on ∼1% of the xylosyl residues, consistent with the low
intensity of the oligosaccharide band by PACE.
To determine whether the TaXAT2-activity is affected by

glucuronic acid modifications on the xylan backbone and whether
this function is conserved in other grass GT61 enzymes, we ana-
lyzed the xylan structure of further GT61-expressing transgenic
lines. TaXAT2-expressing transgenic lines in the wild-type back-
ground also showed an additional xylan oligosaccharide not
present in wild-type (Fig. 2B), and this oligosaccharide was ara-
binofuranosidase-sensitive (Fig. S5A). Tandem MS (Fig. S5B),
together with knowledge of the xylanase and arabinofuranosidase
specificities, identified the XAT-dependent oligosaccharide as
XU4m2XXA3XX. We did not detect activity of TaXAT1 ex-
pressed in wild-type or gux backgrounds. However, we also ana-
lyzed FOX lines that express in Arabidopsis the cDNAs of two
rice homologs of TaXAT2, OsXAT2 and OsXAT3, under the

A

B

Fig. 1. Analysis of xylan structure in endosperm samples from homozygous
TaXAT1 RNAi transgenic wheat. (A) Oligosaccharide abundance (HPAEC
peak area) from transgenic samples relative to corresponding azygous
controls after xylanase digest; mean of five independent lines ± 95% con-
fidence intervals. Columns for AX oligosaccharides are colored according to
substitution with Araf: unsubstituted (green), monosubstituted only (red),
di-substituted only (blue), and mono- and di-substituted (purple). Abun-
dances of (1,3);(1,4)-β-glucan oligosaccharides [Glucose3 (G3) and Glucose4
(G4)] as result of simultaneous lichenase digest show no overall change. (B)
1H-NMR spectra for transgenic (red) and azygous control (blue) samples
showing H1 signals for Araf in AX: α-(1,3)–linked to monosubstituted Xylp
(A3-Xmono), α-(1,3)–linked (A3-Xdi), and α-(1,2)–linked (A2-Xdi) to di-substituted
Xylp and for Araf in arabinogalactan peptide (A-AGP).
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CaMV 35S-promoter (17). The PACE fingerprint and MS anal-
ysis of both these lines also showed the presence of XU4m2X-
XA3XX (Fig. S5 A and C), and therefore indicates that these rice
GT61 enzymes similarly direct the addition of α-(1,3)–linked Araf
to the xylan backbone.

Discussion
As shown by RNAi suppression, TaXAT1 is responsible for the
majority of monosubstitution of wheat starchy endosperm AX
with α-(1,3)–linked Araf (Fig. 1). These results strongly suggest
that grass XATs in GT61 Clade A possess xylan α-(1,3)-arabi-
nosyltransferase activity, and this was confirmed by the heterol-
ogous expression of wheat and rice XAT genes in Arabidopsis.
This activity is quite distinct from the previously described
β-(1,2)-xylosyltransferase activity of N-linked glycan synthesis in
GT61 Clade C.
We found no evidence that α-(1,2)-, α-(1,3)-arabinosyl di-

substitution is dependent on TaXAT1 activity, but the gene
function was not entirely lost in the RNAi wheat lines. There-
fore, the residual XAT activity could be sufficient to maintain
α-(1,3)-arabinosyl substitution in disubstituted Xyl residues. On
the other hand, the presence of the yet-uncharacterized GT61
Clade B enzymes and the multiplication of grass GT61s in Clade
A might suggest distinct but related proteins are involved in
α-(1,2)– and α-(1,3)–substitution of disubstituted Xyl residues.
Indeed, the multiplicity of GT61 enzymes would permit a model
where each enzyme requires subtly different substrates for ara-
binosylation, such as xylan already substituted with arabinosyl
residues or acetyl groups. This finding could explain why the rice
enzymes closely related to TaXAT2 were able to produce iden-
tical structure GAX oligosaccharides in transgenic Arabidopsis,
whereas products of TaXAT1 were not detected.
Members of the GT61 Clade A are also present in dicots. Ex-

pression levels of the Arabidopsis representatives, At3g18180 and
At3g18170, are low and they are not coexpressed with secondary
cell wall genes (Fig. S6). We found no evidence for arabinosyla-
tion of xylan in secondary walls in the absence of TaXAT2

expression. This finding suggests that Arabidopsis GT61s are in-
volved in α-(1,3)-arabinosylation of primary cell wall xylan. Al-
though arabinosylation of xylan has yet to be demonstrated in
Arabidopsis, it has been documented in seed mucilage (18) or
primary walls (19) of other dicots.
The reduction in Araf α-(1,3)–linked monosubstitution did not

cause a concomitant increase in unsubstituted Xylp. This finding
suggests there may be a requirement for substitution for continued
xylan backbone synthesis in the wheat endosperm, which is unlike
the gux xylan synthesis mutants of Arabidopsis, where xylan
backbone synthesis is unaffected by the loss of GlcA substitution
(7). Unlike acetylated GX synthesis in Arabidopsis, wheat endo-
sperm xylan lacks acetyl substitution. Consequently, unsubstituted
regions of xylan are likely to be insoluble. Indeed, the removal of
monosubstitution is sufficient to cause a profound decrease in
AX solubility presumably because of the greater hydrogen
bonding between regions of AX chains lacking any substitution.
Because feruloylation occurs via Araf α-(1,3)–linked to mono-
substituted Xylp, a requirement of GT61 gene function for the
feruloylation, and therefore cross-linking of xylan in grass cell
walls, seems probable. Wheat endosperm has exceptionally low
feruloylation of AX and GT61 involvement is best investigated in
the future in tissues with substantial feruloylation.
Changing the biosynthesis machinery that is required for the

decoration of xylan by introducing genes characteristic for
grasses into Arabidopsis provides a powerful approach for un-
derstanding gene function. The results also indicate potential
applications; neither the Arabidopsis transgenics expressing
wheat TaXAT2 in gux mutants (where we began to convert the
usual dicot GX to AX) nor the wheat transgenics with drastically
altered arabinosylation and solubility of AX, showed obvious
effects on growth or development. This finding demonstrates the
plasticity of xylan structure in planta. We have demonstrated
a profound alteration of the properties of AX by manipulation
of TaXAT1 in wheat flour, changing soluble fiber to insoluble
fiber, so manipulation of GT61 activity promises to allow tailor-
ing of AX biosynthesis to specific end-uses of cereal grain.
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Fig. 2. PACE analysis of xylan structure of XAT transgenic material after digestion with xylanase. (A) Xylan fingerprint of gux in comparison with transgenics
expressing TaXAT2 in gux background; +Arafase: additionally digested with arabinofuranosidase. Controls: Undigested material of gux without (1) and with
(2) transgene. (B) Xylan fingerprint of wild-type (Wt) in comparison with transgenics expressing TaXAT2, OsXAT2 or OsXAT3 in wild-type background.
Controls: Undigested material of wt (1), TaXAT2 wt (2), OsXAT2 wt (3), and OsXAT3 wt (4). Standard: Xylosyl oligosaccharides (X)1–6. Boxed area shows five-
times longer exposure of identical gel. Asterisks mark the oligosaccharide specific for the transgenic lines. Oligosaccharide assignment is as follows. A, X; B,
XX; C, XXX; D, XU(4m)2XX.
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Manipulation of GT61 genes could also provide a route to im-
prove the digestibility of the vast quantities of lignocellulosic
material from grass crops available for biofuel and animal
nutrition.

Materials and Methods
Details of plant material, reagents, PCR primers, quantitative RT-PCR, and
localization experiments are described in SI Materials and Methods and
Table S3.

Phylogenetic Analysis. Substitutions and indels in GT61 coding DNA sequences
were modeled with a maximum likelihood approach to generate the phy-
logenetic tree. Details are given in SI Materials and Methods.

Construct Preparation and Generation of Transgenic Material. The TaXAT2 and
TaXAT1 full-length cDNA molecules were cloned from wheat var. Cadenza
endosperm cDNA and sequenced (European Molecular Biology Laboratory
accessions nos. FR873610.1 and FR846232.1, respectively). The TaXAT1 RNAi
construct with the starchy endosperm-specific HMW1Dx5 promoter was
created, wheat plants transformed and zygosity tested as described in ref. 20
and SI Materials and Methods. Homozygous and azygous (null segregants,
used as within-line controls) T2 plants from five independent lines were
grown in a statistical design and white flour samples were derived from
mature T3 seed, as described in SI Materials and Methods.

The pIRX9::TaXAT2-myc construct was comprised of intergenic regions
from IRX9 to drive expression, the TaXAT2 coding sequence and Myc tag.
Construct preparation, Arabidopsis transformation and Western blotting
analysis are described in SI Materials and Methods.

Analyses of Wheat Endosperm Cell Wall Composition. Preparation of endo-
sperm cell-wall samples, enzymic digestion, and HPAEC analysis of resulting
oligosaccharides were carried out following refs. 21 and 22, with mod-
ifications described in SI Materials and Methods. The amount of AX solubi-
lized by this digestion (21) was estimated by monosaccharide analysis as
described in ref. 23. Nonstarch polysaccharide from endosperm samples was
prepared as described ref. 23 and used for monosaccharide and 1H-NMR
analyses, as described in ref. 23 and SI Materials and Methods, respectively.

Analyses of Arabidopsis Xylan. AIR was prepared, digested, and analyzed by
PACE, as described in SI Materials and Methods. Determination of xylan
structure was performed by 1H-NMR as described in SI Materials and
Methods and a modified OliQuIT method and NP-LC–MALDI-ToF/ToF-MS/MS
as follows. Five hundred micrograms to 1 mg AIR was alkaline-treated and
digested as described in SI Materials and Methods and then dialyzed using
Spectra/Por Biotech CE dialysis membrane MWC: 100–500D (Spectrum Lab-
oratories) to remove excess of smaller fragments. For capillary NP-LC analysis
using stable isotope tagging, dried-down samples were reductively ami-
nated with light (12C6) or heavy (13C6) isotopes of aniline. Equal amounts of
the differentially labeled samples were mixed, purified and analyzed by NP-
LC coupled offline to MALDI-ToF-MS, as previously described (16). This
modifiedOliQuITmethod ensures that the chromatographic elution positions
on the same oligosaccharides labeled with different isotopes are identical,
allowing accurate sample comparison. For structural analysis, samples were
reductively aminatedwith 2-aminobenzoic acid (2-AA), purified and analyzed
by NP-LC–MALDI-ToF/ToF-MS/MS, as previously described (24).
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