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Summary
Arabinoxylan (AX) is the dominant component within wheat (Triticum aestivum L.) endosperm

cell walls, accounting for 70% of the polysaccharide. The viscosity of aqueous extracts from

wheat grain is a key trait influencing the processing for various end uses, and this is largely

determined by the properties of endosperm AX. We have previously shown dramatic effects

on endosperm AX in transgenic wheat by down-regulating either TaGT43_2 or TaGT47_2

genes (orthologues to IRX9 and IRX10 in Arabidopsis, respectively) implicated in AX chain

extension and the TaXAT1 gene responsible for monosubstitution by 3-linked arabinose. Here,

we use these transgenic lines to investigate the relationship between amounts of AX in soluble

and insoluble fractions, the chain-length distribution of these measured by intrinsic viscosity

and the overall effect on extract viscosity. In transgenic lines expressing either the TaGT43_2 or

TaGT47_2 RNAi transgenes, the intrinsic viscosities of water-extractable (WE-AX) and of a

water-insoluble alkaline-extracted fraction (AE-AX) were decreased by between 10% and 50%

compared to control lines. In TaXAT1 RNAi lines, there was a 15% decrease in intrinsic

viscosity of WE-AX but no consistent effect on that of AE-AX. All transgenic lines showed

decreases in extract viscosity with larger effects in TaGT43_2 and TaGT47_2 RNAi lines (by up

to sixfold) than in TaXAT1 RNAi lines (by twofold). These effects were explained by the

decreases in amount and chain length of WE-AX, with decreases in amount having the greater

influence. Extract viscosity from wheat grain can therefore be greatly decreased by suppression

of single gene targets.

Introduction

The cells of the wheat starchy endosperm have primary cell walls

which are laid down as the cells expand rapidly to accommodate

the deposition of starch and storage proteins. The polysaccharide

composition of these walls is unusual, having a low cellulose

component (3%), 7% glucomannan, 20% b-(1,3;1,4) glucan and

70% arabinoxylan (AX) (Mares and Stone, 1973). Pectin and

xyloglucan are rarely detected biochemically, but it has recently

been shown that there are traces detectable by immunocyto-

chemistry after the removal of AX and b-(1,3;1,4) glucan

(Chateigner-Boutin et al., 2014). The dominant polysaccharide

AX contains xylose residues which may be monosubstituted with

a-(1,3) linked arabinofuranose (Araf) or disubstituted with both a-
(1,2) and a-(1,3) linked Araf. A minority of the a-(1,3) Araf have
ester-linked ferulic acid (FA) which can oxidatively dimerize to

cross-link AX chains. Compared to the AX or glucuronoarabin-

oxylan (GAX) in the cell walls of other tissues of grasses, the

endosperm AX has a relatively simple structure, with low amounts

of FA, lacking glucuronyl substitution and is nonacetylated at

maturity. The simple AX structure and low cellulose content of

wheat starchy endosperm cell walls may allow them to be readily

digested during germination, facilitating access to the reserves

(Burton and Fincher, 2014).

The properties of wheat endosperm AX have important

consequences for different end uses. It is the main source of

dietary fibre in white flour products and, as the soluble fraction of

endosperm AX is the most abundant soluble polymer in wheat

grain, it largely determines the amount of soluble fibre and also

the extract viscosity from whole grain (Gebruers et al., 2008).

Some of the benefits of soluble fibre in human diet may be

related to their properties in affecting viscosity of digesta

(Topping, 2007). By contrast, high extract viscosity is a detrimen-

tal trait for nonfood uses of wheat, increasing the cost of alcohol

production and having a negative impact on growth of mono-

gastric livestock and poultry fed on wheat (Annison, 1991; Yin

et al., 2004).

The extract viscosity is largely determined by the solubility of

AX and the properties of the soluble fraction. Endosperm AX is

typically 20–30% water extractable (WE-AX) and 70–80% water

unextractable (WU-AX). The solubility of AX molecules is affected

by the degree of Araf substitution and the distribution pattern of

Araf residues on the xylan backbone (Hoije et al., 2008; Kohnke

et al., 2011): Araf substitution hinders hydrogen bonding

between xylan chains and favours solubility of the polymer.

Cereal grains AX are generally soluble in water at neutral pH,

naturally or after alkaline extraction, provided that substitution

degree is higher than 30% (Ying et al., 2013). Conversely,

solubility is decreased by covalent cross-linking between chains

due to FA dimerization. Alkaline extraction removes these ester-

linked FA and increases solubility, and the majority of the wheat

endosperm WU-AX can be solubilized in this way (Gruppen
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et al., 1992). For a given concentration of extracted AX, the

viscosity is entirely determined by the chain length of the AX

polymer and is unaffected by the degree of Araf substitution

(Dervilly-Pinel et al., 2001). The chain length of wheat endo-

sperm AX is in the range of 1000–4000 Xyl residues, compared

to around 100 Xyl residues for xylan in Arabidopsis secondary cell

walls. Estimates of about 1500–2000 Xyl in typical wheat

endosperm WE-AX chains were obtained from viscometry and

laser light scattering measurements (Dervilly-Pinel et al., 2001)

and are compatible with reducing end determinations (Courtin

et al., 2000).

Our knowledge of the genes responsible for synthesis of xylan

in general and wheat AX in particular has increased markedly in

recent years. Genetic studies in Arabidopsis have identified genes

from three main functional groups as being required for normal

extension of the xylan backbone; these are the groups containing

the Arabidopsis genes IRX9 and IRX14 in glycosyl transferase

family (GT) 43 and IRX10 in GT47. Recently, it has been shown

that the IRX10 protein can alone extend xylan chains in vitro

(Jensen et al., 2014; Urbanowicz et al., 2014), so it is likely that

this is the catalytic unit and that IRX9 and IRX14 are accessory

proteins which are essential for xylan extension in planta. This is

supported by evidence from wheat, where a protein complex was

isolated which had xylosyl transferase activity and included

proteins encoded by orthologues of IRX14 and IRX10 (Zeng

et al., 2010).

A bioinformatics approach which looked for candidate grass

genes for AX synthesis and feruloylation, based on greater

expression in grasses compared to dicots, predicted the involve-

ment of genes in the clades containing IRX9, IRX14 and IRX10,

but by far, the greatest bias in expression among GT families was

for GT61 genes (Mitchell et al., 2007). Rice and wheat genes in

the GT61 family have since been shown to add a-(1,3) linked
Araf to xylan in Arabidopsis, which lacks Araf substitution,

providing gain-of-function evidence that these genes encode

xylan Araf transferases. The genes were therefore named

XAT1,2,3 (Anders et al., 2012). In wheat starchy endosperm,

close homologues of IRX9, IRX14 and IRX10 are all strongly

expressed throughout development, as are several GT61 genes

(Pellny et al., 2012). We have therefore specifically suppressed

the expression of the most highly expressed IRX9 homologue

(TaGT43_2), IRX10 homologue (TaGT47_2) and GT61 gene

(TaXAT1) using RNAi constructs driven by the starchy endo-

sperm-specific HMW1Dx5 promoter. Suppression of TaXAT1

resulted in a 70–80% decrease in the amount of a-(1,3) linked
Araf in AX from mature starchy endosperm (Anders et al., 2012),

whereas suppression of TaGT43_2 or TAGT47_2 resulted in up to

50% decreases in the amount of AX, but increased Araf

substitution (Lovegrove et al., 2013). Despite these large changes

to the principal component of the endosperm cell wall, these

transgenic lines have apparently normal grain weight and

germination. Here, we use these transgenic lines to explore the

relationships between these genes, AX properties and extract

viscosity.

Results

We selected three independent lines, each carrying RNAi

constructs driven by the HMW1Dx5 endosperm-specific pro-

moter, targeting three AX biosynthetic genes in hexaploid wheat:

TaGT43_2 and TaGT47_2 as described in Lovegrove et al. (2013)

and TaXAT1 as described in Anders et al. (2012). These lines all

show segregation patterns consistent with a single locus and

homozygous T2 or T3 seed plus corresponding null segregant

controls from the same generation were used for the experiments

reported here. In the case of GT47_2 line 1, some experiments

were carried out on GT47_2-1 and others on GT47_2-1s which

was confirmed as a sister line by Southern blot analysis (Fig. S1).

As expected for constructs with an endosperm-specific promoter,

there was no visible effect of the transgenes on plant growth;

they also did not significantly affect grain size nor did they have a

visible grain phenotype (Fig. S2). The total AX contents in the

starchy endosperm (white flour) for the lines used here are

summarized in Table 1.

WE-AX and AE-AX fractions

The WE-AX fraction is readily isolated, but we also used an AE-AX

extraction method to allow determination of the properties

of WU-AX by obtaining pure samples representing the majority of

the AX in a soluble form. The monosaccharide compositions

of the fractions used showed that AE-AX typically accounted for

80% of the WU-AX and 60% of the total amount of AX

extracted, and xylose (Xyl) plus arabinose (Ara) accounted for

~90% of the sugars in this fraction (Tables S1, S2). The Ara:Xyl

ratio was higher in the AE-AX fraction than in WE-AX in all

samples (Table S3). The Ara:Xyl ratio in WE-AX was rather

variable in azygous samples, and effects of transgenes on this

were not consistent; but in AE-AX, the GT43_2 and GT47_2 RNAi

transgenes increased the Ara:Xyl, whereas XAT1 RNAi had little

effect.

AX chain length

High-performance size-exclusion chromatography (HPSEC) was

used to examine the size distribution of the AX polymer in these

lines using in-line viscometry to measure the intrinsic viscosity,

which is directly related to AX chain length (Dervilly-Pinel et al.,

2001). The analyses were carried out on two fractions extracted

from the flour samples: a water-extractable fraction (WE-AX) and

Table 1 Total AX content per unit dry weight flour in RNAi wheat

lines from homozygous (H) and azygous segregant control (A) samples

Line

mg AX/g flour dwt

A H H/A %

GT43_2-3 21.0 � 0.2 11.6 � 0.2 55 � 1%

GT43_2-5 23.8 � 1.5 12.4 � 0.4 52%*

GT43_2-6 19.8 � 0.2 16.0 � 0.6 81 � 4%

GT47_2-1 21.6 � 1.0 11.6 � 0.7 54 � 3%

GT47_2-1s 20.8 � 0.6 13.9 � 0.5 67%*

GT47_2-4 19.5 � 0.1 12.4 � 0.3 63 � 2%

GT47_2-7 24.0† 16.2† 68%

XAT1-1 22.0† 19.2† 88%

XAT1-2 21.0 � 1.7‡ 15.0 � 0.3‡ 73 � 6%‡

XAT1-3 21.0 � 0.6‡ 15.1 � 0.9‡ 72 � 3%‡

Values (mean � SE) are from 4 independent biological replicates from

randomized block design experiment except where otherwise indicated.

Measurements are from pentosan assay for GT43_2 and GT47_2, monosac-

charide assay for XAT; these assays give directly comparable results (Saulnier

et al., 1995).

*nonblocked design so no replication of H/A estimate. †no biological replica-

tion. ‡calculated from previously published data (Anders et al., 2012).

ª 2015 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 14, 109–116

Jackie Freeman et al.110



an alkaline-extractable fraction (AE-AX) and two extractions of all

lines were analysed. Figure 1 shows typical profiles of polysac-

charide concentration and intrinsic viscosity against retention

time for WE-AX and AE-AX fractions; integrated and average

values were calculated between retention time limits indicated.

Limits were the same for all samples and selected such as to avoid

fractions containing significant nonpolysaccharide components;

for example, arabinogalactan peptide (AGP) in WE-AX prepara-

tions which elutes at volumes >9.5 mL in Figure 1a. Comparison

of integrated AX concentration values against Ara + Xyl content

from monosaccharide analysis (corrected for AGP content in WE-

AX samples) shows that the profile between these limits

represented ~86% of the AX loaded for both WE-AX and AE-

AX fractions (Figure 1c). Measured concentrations between the

set retention volume limits were decreased to near zero by

specific endo-xylanase treatment, whereas treatment with lichen-

ase, a glucanase specific for b-(1,3;1,4) glucan, only decreased

concentration between the limits by 5% (Fig. S3).

Figure 2 shows profiles of log intrinsic viscosity against AX

concentration for WE-AX from the transgenic samples and their

corresponding controls. We previously reported decreases in the

peak and maximum chain length in two GT43_2 lines (GT43_2- 3

and GT43_2-5) (Lovegrove et al., 2013), and this was confirmed

in a repeat analysis of GT43_2-5 (Figure 2). However, a third line

(GT43_2-6) did not show these effects, with fairly constant

decreases in WE-AX content over the range of chain lengths. The

three lines of GT47_2 RNAi had major decreases in WE-AX

content and did show proportionately greater decreases in longer

chain AX, consistent with previously reported results for GT47_2-

4 and a sister line to GT47_2-1s (Lovegrove et al., 2013). The

three XAT1 RNAi lines showed decreases in the amount of WE-

AX as previously reported (Anders et al., 2012). These lines had

not previously been analysed by HPSEC, and the profiles reveal a

flatter distribution compared with the controls but that long

chains of AX of up to 4000 Xyl still occur.

The profiles of AE-AX show a more symmetrical size distribu-

tion than WE-AX due to a lack of shorter chain molecules

(Figure 3). The AE-AX profiles from control samples are also more

consistent than WE-AX suggesting that WE-AX is more sensitive

than WU-AX to environmental factors, as has been previously

reported for total WE-AX content (Andersson et al., 1993;

Gebruers et al., 2010).

Integrated and average values from the HPSEC for both WE-AX

and AE-AX fractions are summarized in Table 2. The effects on

average intrinsic viscosity can be interpreted as effects on AX

chain length. For WE-AX, these are variables between lines for

the GT43_2 and GT47_2 constructs, but smaller and more

consistent for XAT1 lines. The average chain length of the AE-AX

fraction was decreased in all GT43_2 and GT47_2 lines, but only

in one XAT1 line.

Relative viscosity

Intrinsic viscosity is determined by the shape and size of the

molecule. AX molecules behave as semiflexible random coils, and

variation in intrinsic viscosity reflects variation in chain length but

not degree of Araf substitution (Dervilly-Pinel et al., 2001).

However, the bulk property of functional importance is relative

viscosity (Saulnier et al., 1995), the viscosity of aqueous extracts

relative to pure water, which depends both on intrinsic viscosity

of WE-AX and its concentration. The relative viscosity of aqueous

extracts of replicated flour samples for three lines of each RNAi

construct was determined (Figure 4a). Transgenic lines for all

three target genes showed significant decreases at P < 0.01

relative to their corresponding null segregant controls, except for

GT43_2-6 which had an anomalous low relative viscosity in the

control. Relative viscosities were lower for the GT43_2 and

GT47_2 RNAi lines than for the XAT1 RNAi lines; the effect in

some GT43_2 and GT47_2 RNAi lines decreased the variable

portion of relative viscosity (i.e. relative viscosity – 1) by sixfold

compared to typical controls, as against twofold for XAT RNAi

lines (Figure 4a).

Relative viscosity gR is directly calculable from the intrinsic

viscosity [g] and concentration c of the polysaccharide for low

concentrations, as

lim
c!0

gR � 1 ¼ ½g�:c

The values from Table 2 for the HPSEC profiles of average

intrinsic viscosity and integrated content of WE-AX samples were

used to calculate the theoretical relative viscosity of extracts for

(a)

(b)

(c)

Figure 1 HPSEC analysis of AX extracts from wheat endosperm samples.

(a, b) Profiles of concentration (black line) and log intrinsic viscosity (blue

line) for WE-AX (a) and AE-AX (b) from wild-type Cadenza flour. Limits for

integration calculation are shown (vertical dashed lines); these were

maintained the same for all samples. (c) Comparison of integrated

concentration from HPSEC profiles with Ara + Xyl content in same samples

for GT43_2 RNAi (red symbols), GT47_2 RNAi (orange), XAT1 RNAi

(green) and null segregant controls (grey). Triangles are WE-AX extracts;

circles are AE-AX. Solid line is regression through all points (y = 0.87 x;

R2 = 0.95); dashed line is y = x.
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250 mg flour/mL using this equation and are compared with the

observed values in Figure 4b. The high correlation between

observed and predicted values suggests that the equation holds

well at the concentrations of WE-AX used for determination of

relative viscosity. The absolute values are higher for observed

relative viscosity than predicted; this is due to the contributions of

other components outside the integration limits used on the WE-

AX profiles (Figure 1a) to arrive at the values in Table 2.

The fact that the equation above describes variation in bulk

extract viscosity well means that the effect of transgenes on this

property can be partitioned between their effects on [g] (due to

shorter chain length) and amount of WE-AX. Thus, the decrease

in amount of WE-AX in GT43_2 and GT47_2 RNAi lines (average

�59%) has a bigger effect on gR than the decrease in [g]
(�32%); in XAT1 RNAi lines, the decrease in amount (�25%) also

has a bigger effect on gR than the decrease in [g] (�16%)

although both decreases are of smaller magnitude.

Discussion

We have previously described the profound effects on AX of

suppression of TaGT43_2, TaGT47_2 and TaXAT1 genes by RNAi

in wheat endosperm (Anders et al., 2012; Lovegrove et al.,

2013). All three RNAi constructs decreased the total amount of

AX; but whereas this was mostly or completely due to a decrease

in WE-AX in XAT1 RNAi lines (Anders et al., 2012), the WE-AX

decrease was proportional to the total AX decrease in GT43_2

and GT47_2 RNAi lines (Lovegrove et al., 2013). Similar results

were obtained here in HPSEC analysis; in that, the total amount

of WE-AX was decreased in all transgenic lines, but the AE-AX

fraction, representing the majority of the WU-AX, was consis-

tently decreased in GT43_2 and GT47_2 but not in XAT1 RNAi

lines (Figures 2 and 3; Table 2).

All three transgenes reduced the average chain length of WE-

AX in all lines (Table 2). In the GT43_2 and GT47_2 RNAi

transgenic lines, there was some variation in the effects on chain

length between lines and this variation was not obviously related

to the magnitude of the effect on the amount of WE-AX

(Figure 2). In some cases, there were severe decreases in the

maximum chain length and chain length at peak concentration

(lines GT43_2-3, GT43_2-5, GT47_2-1s, GT47_2-7); but in

others, this was less pronounced (GT43_2-6, GT47_2-1,

GT47_2-4). These effects were reproducible between experi-

ments on the same line, suggesting that differences in expression

of the GT43_2 and GT47_2 RNAi transgenes are likely responsible

for the differences in the magnitude of their effects on WE-AX

chain length in different lines with the same transgene. In the

XAT1 transgenic lines, there appeared to be little or no effect on

maximum chain length, but rather a decrease in the peak

concentration (Figure 2), resulting in a decrease in average chain

length (Table 2).

The HPSEC profiles for AE-AX in azygous controls were more

consistent than for WE-AX, indicating that chain length of WE-AX

is more variable than that of AE-AX and this may be due to

Figure 2 HPSEC profiles of log intrinsic viscosity versus AX concentration for WE-AX extracts from homozygous transgenic samples (H) and corresponding

azygous controls (A). Profiles for GT43_2-3 and GT47_2-4 were previously published in a different form in Lovegrove et al. (2013) and are included here for

ease of comparison. The four vertical bars indicate expected positions of AX polymers of 500, 1000, 2000, 4000 Xyl length based on relationship in Dervilly-

Pinel et al. (2001).
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greater sensitivity to environment. The effects of transgenes on

AE-AX are also more consistent than for WE-AX. GT43_2 and

GT47_2 RNAi transgenes always decreased the amounts of AE-

AX, ranging from �34% to �67%, and average chain length,

ranging from �15% to �40%, with lines with greater effects on

amount also tending to have greater effects on chain length

(Table 2). The profiles show that chain length at peak concen-

tration was always decreased and maximum chain length was

decreased in those profiles where this could be estimated

(Figure 3). The XAT1 transgene had little or no effect on the

AE-AX profile except in one line (XAT1-2) where there was a small

effect on amount and chain length (Figure 3).

Figure 3 HPSEC profiles of log intrinsic viscosity versus AX concentration for AE-AX extracts. Details as for Fig. 2.

Table 2 Summary values of AX amount and intrinsic viscosity from HPSEC profiles of WE-AX and AE-AX fractions

Sample

WE-AX AE-AX

mg/g flour dwt [g] mL/g mg/g flour dwt [g] mL/g

A H H/A % A H H/A % A H H/A % A H H/A %

Cadenza 4.77 541 9.66 705

GT43_2-3 3.38* 1.18* 35%* 550* 289* 53%* 11.18 3.67 33% 692 415 60%

GT43_2-5 5.42 1.80 33% 366 240 65% 11.47 4.51 39% 681 505 74%

GT43_2-6 4.77 2.75 58% 328 315 96% 9.65 6.39 66% 667 530 80%

GT47_2-1 3.94* 1.69* 43%* 556* 371* 67%* 10.94 6.25 57% 698 595 85%

GT47_2-1s 4.82 1.80 37% 454 271 60% 11.41 6.07 53% 802 630 79%

GT47_2-4 4.80* 1.49* 31%* 526* 469* 89%* 9.86 3.95 40% 705 502 71%

GT47_2-7 5.19 2.65 51% 421 198 47% 13.00 5.91 45% 868 538 62%

XAT1-1 5.78 4.51 78% 309 268 87% 11.27 10.57 94% 680 652 97%

XAT1-2 5.76 4.40 76% 266 234 88% 10.83 8.59 79% 716 598 84%

XAT1-3 5.47 3.91 72% 378 293 78% 8.20 9.27 113% 654 645 99%

Amounts are from the integral of concentration profiles, corrected for loadings to express per unit flour. Intrinsic viscosity [g] values are averages calculated as integral

of amount x [g] for each point, divided by total amount. Values are average of results from two extractions.

*these values were previously published in Lovegrove et al. (2013) and are included here for ease of comparison.
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The effects of the RNAi suppression of GT43_2 and GT47_2 are

consistent with the phenotypes of mutants of their respective

orthologues in Arabidopsis, irx9 and irx10. Xylan from the

secondary cell walls from irx9 and irx10 Arabidopsis mutants is

decreased in amount and chain length (Brown et al., 2009; Pena

et al., 2007). Here, we have shown for the first time that the

same effect occurs in GT43_2 and GT47_2 RNAi wheat lines, not

only for WE-AX but also for the AE-AX fraction which is

representative of the majority of endosperm AX. As WE-AX and

AE-AX are similarly affected by GT43_2 and GT47_2 suppression,

it seems likely that the encoded proteins participate in synthesis of

both fractions. There is evidence that the TaGT47_2 protein

participates with another GT43-encoded protein, the orthologue

of Arabidopsis IRX14, in a xylan synthase complex in wheat (Zeng

et al., 2010). In Arabidopsis, irx9, irx10 and irx14 mutants have

very similar xylan phenotypes (Brown et al., 2007, 2009; Pena

et al., 2007). It is therefore likely that IRX9, IRX10 and IRX14

proteins are components of xylan synthase complexes in dicots

and grasses, with IRX10 primarily responsible for catalysis.

The decrease in the amount of WE-AX previously reported in

XAT1 RNAi lines (Anders et al., 2012) was confirmed here and

is associated with a lowering of the average chain length

(Table 2) and a flattening of the profile (Figure 2). The effects

on the backbone of AX shown here and by our previous

monosaccharide analysis require explanation given that the

main effect of XAT1 suppression is a loss of Araf 3-linked to

monosubstituted Xyl (A3-Xmono). This can be explained if XAT1

protein participates in a complex which synthesizes oligosac-

charides containing A3-Xmono which are assembled together

with other oligosaccharides to make AX chains. In this scenario,

when XAT1 is absent, these oligosaccharides would not be

made, so the AX chains lack these components. Alternatively,

long regions of unsubstituted Xyl in AX resulting from XAT1

suppression could be removed by an endogenous activity after

synthesis. In either case, Araf decoration differs in this respect

from glucuronic acid decoration in Arabidopsis, which can be

removed completely in mutants without affecting xylan chain

length (Mortimer et al., 2010).

Relative viscosity of aqueous extracts of white wheat flour is

largely determined by the WE-AX from the starchy endosperm,

and this is also the case for wholegrain flour as the outer grain

layers contribute little to the soluble polymers. Relative viscosity is

a detrimental trait for nonfood uses of wheat; it decreases the

nutritive value to monogastric animals of wheat animal feed

(Annison, 1991; Yin et al., 2004), and in alcohol production from

wheat grain, it leads to sticky deposits which increase cleaning

costs and process downtime. The RNAi suppression of TaGT43_2,

TAGT47_2 and XAT1 genes led to decreased extract viscosity

(Figure 4a), in the case of TaGT43_2 and TaGT47_2 RNAi of up to

75%. The relative viscosities observed in the transgenic lines (1.1–
1.3) are well below the lower limit of the range reported (1.6–4.4)
due to natural variation in a diversity screen of 151 wheat

varieties (Gebruers et al., 2008). The effects of the transgenes can

be entirely attributed to the effects on intrinsic viscosity and

concentration of WE-AX (Figure 4b); in TaGT43_2 and TaGT47_2

lines with large decreases in relative viscosity, about 2/3 of the

effect was due to decreased concentration, 1/3 due to decreased

intrinsic viscosity (Table 2). Therefore, natural or induced loss of

function of these genes could improve the suitability of wheat for

these nonfood uses. However, as we know that all three

homoeologues from the three subgenomes of hexaploid wheat

for each of these genes are expressed in starchy endosperm

(Lovegrove et al., 2013; Pellny et al., 2012), this could potentially

require the combination of three loss-of-function homoeoalleles

in a single wheat genotype.

Experimental procedures

Plant material and growth conditions

Wheat (Triticum aestivum L. var. Cadenza) plants were grown in

temperature-controlled glasshouse rooms as previously described

(Nemeth et al., 2010).

Generation of transgenic wheat lines

RNAi construct preparation and wheat transformation were as

described in Anders et al. (2012) for XAT1 lines and Lovegrove

et al. (2013) for GT43_2 and GT47_2 lines.

Quantification of AX content of white flour and white
flour extracts

White flour fractions were prepared by milling mature grain as

previously described (Anders et al., 2012), and the 150 lm
fraction (pure starchy endosperm) was used for all analyses. TOT-

AX and WE-AX contents of flour samples were measured using

colorimetric determination of pentosan content as described by

Douglas (1981) with modifications as described by Finnie et al.

(2006). Monosaccharide analysis of samples used for HPSEC (WE-

AX and AE-AX) and flour and fractions generated for AE-AX

extract method validation was by GLC of alditol acetates.

Polysaccharides were hydrolysed in 2 N sulphuric acid (100 °C,
2 h) with inositol as the internal standard, converted to their

alditol acetates as described by (Englyst and Cummings, 1984)

(a)

(b)

Figure 4 Relative viscosity of water extracts from endosperm samples. As

relative viscosity is expressed relative to water, theoretical minimum value

is 1. (a) Means � SE (n = 4) grey columns azygous controls, coloured

columns homozygous samples. (b) comparison of relative viscosity -1 with

theoretical relationship predicted from the intrinsic viscosity [g] and

amount of WE-AX estimated for these samples from values in Table 2.

Concentration c is given by WE-AX mg/(g flour) 9 0.25 g flour/mL.

Symbols are as in Fig. 1C; solid line is y = 1.38x + 0.01 from regression,

R2 = 0.85; dashed line is y = x representing perfect agreement between

theoretical and observed.
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and run on a Perkin Elmer autosystem XL gas chromatograph

with hydrogen as the carrier. AX content was calculated as the

sum of arabinose and xylose except in WE-AX fractions and flour

which were corrected for arabinogalactan content assuming an

arabinose to galactose ratio of 0.7 (Ordaz-Ortiz and Saulnier,

2005).

Sample preparation

WE-AX for HPSEC analysis was prepared as described in

Lovegrove et al. (2013). AE-AX was prepared by a method

based on that described by (Gruppen et al., 1991). Flour

(200 mg) was suspended in 3 mL water containing 100 U/mL

thermostable a-amylase (Megazyme, EC 3.2.1.3) and heated to

95 °C for 15 min. After centrifugation at 1500 g, 15 °C for

5 min, the supernatant (=WE in Supplementary Tables S1, S2)

containing WE-AX and glucose (from starch) was removed. The

residue was washed in 2 9 3 mL water before suspension in

2 mL saturated barium hydroxide containing sodium borohy-

dride (10 mg/mL) and mixing on a rotating mixer at 25 rpm for

16 h. After centrifugation as above, 1.5 mL of supernatant was

removed (=AE-AX), neutralized to pH5 with 90 lL acetic acid,

desalted using a PD minitrap G-25 column, passed through a

0.45 lm filter and used for HPSEC analysis. For method

validation, the residue was washed with 2 9 2 mL water,

neutralized to pH5 by addition of 10 lL acetic acid and further

extracted in 1.5 mL water with mixing at 25 rpm for 1 h. After

centrifugation as above, 1 mL supernatant (=AE2 in Supple-

mentary Tables S1, S2) was removed and the residue (=RES in

Supplementary Tables S1, S2) washed with 2 9 1.5 mL water,

2 9 3 mL 95% ethanol followed by 3 mL acetone and dried

under infrared lights for approx. 60 min and then under

vacuum in the presence of phosphorus pentoxide for 16 h.

Samples for relative viscosity measurements were prepared as

described by (Saulnier et al., 1995) with an additional centri-

fugation at 10000 g before filtration and storage on ice until

relative viscosity measurement.

High-performance size-exclusion chromatography

Extracts (50 lL) were injected on the high-performance size-

exclusion chromatography (HPSEC) system. HPSEC experiments

were performed using two slightly different protocols. Protocol 1

used only a Shodex OHPak SB 805 HQ column at 1 mL/min, while

Protocol 2 used Shodex OH-Pak SB 805 HQ and SB 804 HQ

columns at 0.7 mL/min. This improved the separation of AX from

other compounds and increased retention times, but results were

otherwise unchanged. All other method details are exactly as

described in Lovegrove et al. (2013).

Relative viscosity measurements

Relative viscosity of aqueous extracts was measured at 30 °C
using an automated viscometer (AVS 370, SI Analytics, Germany)

fitted with a Micro Ostwald capillary (2 mL, 0.43 mm) and

WinVisco software.

Acknowledgements

Conflict of interest statement: The authors RACM, JF, AL, MDW

and PRS declare that a related patent application has been filed.

This work was supported by the ‘Designing Seeds’ Institute

Strategic Programme grant from the Biotechnology and Bio-

sciences Research Council of the United Kingdom.

References

Anders, N., Wilkinson, M.D., Lovegrove, A., Freeman, J., Tryfona, T., Pellny,

T.K., Weimar, T., Mortimer, J.C., Stott, K., Baker, J.M., Defoin-Platel, M.,

Shewry, P.R., Dupree, P. and Mitchell, R.A.C. (2012) Glycosyl transferases in

family 61 mediate arabinofuranosyl transfer onto xylan in grasses. Proc. Natl.

Acad. Sci. USA 109, 989–993.

Andersson, R., Westerlund, E., Tilly, A.C. and Aman, P. (1993) Natural variations

in the chemical-composition of white flour. J. Cereal Sci. 17, 183–189.

Annison, G. (1991) Relationship between the levels of soluble nonstarch

polysaccharides and the apparent metabolizable energy of wheats assayed in

broiler-chickens. J. Agric. Food Chem. 39, 1252–1256.

Brown, D.M., Goubet, F., Vicky, W.W.A., Goodacre, R., Stephens, E., Dupree,

P. and Turner, S.R. (2007) Comparison of five xylan synthesis mutants reveals

new insight into the mechanisms of xylan synthesis. Plant J. 52, 1154–1168.

Brown, D.M., Zhang, Z.N., Stephens, E., Dupree, P. and Turner, S.R. (2009)

Characterization of IRX10 and IRX10-like reveals an essential role in

glucuronoxylan biosynthesis in Arabidopsis. Plant J. 57, 732–746.

Chateigner-Boutin, A.L., Bouchet, B., Alvarado, C., Bakan, B. and Guillon, F.

(2014) The wheat grain contains pectic domains exhibiting specific spatial

and development-associated distribution. PLoS ONE 9, e89620.

Courtin, C.M., Van den Broeck, H. and Delcour, J.A. (2000) Determination of

reducing end sugar residues in oligo- and polysaccharides by gas-liquid

chromatography. J. Chromatogr. A 866, 97–104.

Dervilly-Pinel, G., Thibault, J.F. and Saulnier, L. (2001) Experimental evidence for

a semi-flexible conformation for arabinoxylans. Carbohydr. Res. 330, 365–

372.

Douglas, S.G. (1981) A rapid method for the determination of pentosans in

wheat-flour. Food Chem. 7, 139–145.

Englyst, H.N. and Cummings, J.H. (1984) Simplified method for the

measurement of total non-starch polysaccharides by gas - liquid-

chromatography of constituent sugars as alditol acetates. Analyst 109,

937–942.

Burton, R.A. and Fincher, G.B. (2014) Evolution and development of cell walls in

cereal grains. Front. Plant Sci. 5, 456.

Finnie, S.M., Bettge, A.D. and Morris, C.F. (2006) Influence of cultivar and

environment on water-soluble and water-insoluble arabinoxylans in soft

wheat. Cereal Chem. 83, 617–623.

Gebruers, K., Dornez, E., Boros, D., Fras, A., Dynkowska, W., Bedo, Z.,

Rakszegi, M., Delcour, J.A. and Courtin, C.M. (2008) Variation in the content

of dietary fiber and components thereof in wheats in the HEALTHGRAIN

diversity screen. J. Agric. Food Chem. 56, 9740–9749.

Gebruers, K., Dornez, E., Bedo, Z., Rakszegi, M., Fras, A., Boros, D., Courtin,

C.M. and Delcour, J.A. (2010) Environment and genotype effects on the

content of dietary fiber and Its components in wheat in the HEALTHGRAIN

diversity screen. J. Agric. Food Chem. 58, 9353–9361.

Gruppen, H., Hamer, R.J. and Voragen, A.G.J. (1991) Barium hydroxide as a

tool to extract pure arabinoxylans from water-insoluble cell-wall material of

wheat-flour. J. Cereal Sci. 13, 275–290.

Gruppen, H., Hamer, R.J. and Voragen, A.G.J. (1992) Water-unextractable cell-

wall material from wheat-flour. 1. extraction of polymers with alkali. J. Cereal

Sci. 16, 41–51.

Hoije, A., Sternemalm, E., Heikkinen, S., Tenkanen, M. and Gatenholm, P.

(2008) Material properties of films from enzymatically tailored arabinoxylans.

Biomacromolecules 9, 2042–2047.

Jensen, J.K., Johnson, N.R. and Wilkerson, C.G. (2014) Arabidopsis thaliana

IRX10 and two related proteins from psyllium and Physcomitrella patens are

xylan xylosyltransferases. Plant J. 80, 207–215.

Kohnke, T., Ostlund, A. and Brelid, H. (2011) Adsorption of arabinoxylan on

cellulosic surfaces: influence of degree of substitution and substitution

pattern on adsorption characteristics. Biomacromolecules 12, 2633–2641.

Lovegrove, A., Wilkinson, M.D., Freeman, J., Pellny, T.K., Tosi, P., Saulnier, L.,

Shewry, P.R. and Mitchell, R.A.C. (2013) RNA interference suppression of

genes in glycosyl transferase families 43 and 47 in wheat starchy endosperm

causes large decreases in arabinoxylan content. Plant Physiol. 163, 95–107.

Mares, D.J. and Stone, B.A. (1973) Studies on wheat endosperm. 1. chemical

composition and ultrastructure of cell walls. Aust. J. Biol. Sci. 26, 793–812.

ª 2015 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 14, 109–116

Arabinoxylan and viscosity in transgenic wheat 115



Mitchell, R.A.C., Dupree, P. and Shewry, P.R. (2007) A novel bioinformatics

approach identifies candidate genes for the synthesis and feruloylation of

arabinoxylan. Plant Physiol. 144, 43–53.

Mortimer, J.C., Miles, G.P., Brown, D.M., Zhang, Z.N., Segura, M.P., Weimar,

T., Yu, X.L., Seffen, K.A., Stephens, E., Turner, S.R. and Dupree, P. (2010)

Absence of branches from xylan in Arabidopsis gux mutants reveals potential

for simplification of lignocellulosic biomass. Proc Natl Acad Sci U S A 107,

17409–17414.

Nemeth, C., Freeman, J., Jones, H.D., Sparks, C., Pellny, T.K., Wilkinson, M.D.,

Dunwell, J., Andersson, A.A.M., Aman, P., Guillon, F., Saulnier, L., Mitchell,

R.A.C. and Shewry, P.R. (2010) Down-regulation of the CSLF6 gene results in

decreased (1,3;1,4)-beta-D-Glucan in endosperm of wheat. Plant Physiol.

152, 1209–1218.

Ordaz-Ortiz, J.J. and Saulnier, L. (2005) Structural variability of arabinoxylans

from wheat flour. Comparison of water-extractable and xylanase-extractable

arabinoxylans. J. Cereal Sci. 42, 119–125.

Pellny, T.K., Lovegrove, A., Freeman, J., Tosi, P., Love, C.G., Knox, J.P., Shewry,

P.R. and Mitchell, R.A.C. (2012) Cell walls of developing wheat starchy

endosperm: comparison of composition and RNA-Seq transcriptome. Plant

Physiol. 158, 612–627.

Pena, M.J., Zhong, R.Q., Zhou, G.K., Richardson, E.A., O’Neill, M.A., Darvill,

A.G., York, W.S. and Ye, Z.H. (2007) Arabidopsis irregular xylem8 and

irregular xylem9: implications for the complexity of glucuronoxylan

biosynthesis. Plant Cell 19, 549–563.

Saulnier, L., Peneau, N. and Thibault, J.F. (1995) Variability in grain extract

viscosity and water-soluble arabinoxylan content in wheat. J. Cereal Sci. 22,

259–264.

Topping, D. (2007) Cereal complex carbohydrates and their contribution to

human health. J. Cereal Sci. 46, 220–229.

Urbanowicz, B.R., Pe~na, M.J., Moniz, H.A., Moremen, K.W. and York, W.S.

(2014) Two Arabidopsis proteins synthesize acetylated xylan in vitro. Plant J.

80, 197–206.

Yin, Y.L., Deng, Z.Y., Huang, H.L., Li, T.J. and Zhong, H.Y. (2004) The effect of

arabinoxylanase and protease supplementation on nutritional value of diets

containing wheat bran or rice bran in growing pig. J Anim Feed Sci 13, 445–

461.

Ying, R.F., Rondeau-Mouro, C., Barron, C., Mabille, F., Perronnet, A. and

Saulnier, L. (2013) Hydration and mechanical properties of arabinoxylans and

beta-D-glucans films. Carbohyd Polym 96, 31–38.

Zeng, W., Jiang, N., Nadella, R., Killen, T.L., Nadella, V. and Faik, A. (2010) A

glucurono(arabino)xylan synthase complex from wheat contains members of

the GT43, GT47, and GT75 families and functions cooperatively. Plant

Physiol. 154, 78–97.

Supporting information

Additional Supporting information may be found in the online

version of this article:

Figure S1 Southern blot for GT47_2 RNAi lines 1 and 1s.

Genomic DNA from plants homozygous for the transgene (1H

and 1sH) and their corresponding azygous segregants (1A and

1sA) digested with EcoRI was run in the lanes indicated.

Figure S2 Grain from transgenic lines and controls.

Figure S3 HPSEC profiles of AE-AX samples from azygous wheat

lines showing concentration (black lines) and intrinsic viscosity

(blue lines) with treatment (dashed lines) or no treatment (solid

lines) with recombinant glycosyl hydrolases.

Table S1 Distribution of monosaccharides between fractions

extracted with water and alkali (barium hydroxide) from pure

white flour of wheat (Triticum aestivum L. var. Cadenza): amount

of sugar or arabinoxylan (AX) in each fraction.

Table S2 Monosaccharide composition of fractions extracted

with water and alkali (barium hydroxide) from pure white flour of

wheat (Triticum aestivum L. var. Cadenza): molar per cent.

Table S3 A:X ratio of WE-AX and AE-AX fractions extracted from

white flour of RNAi wheat lines from homozygous (H) and

azygous segregant control (A) samples: calculated from mono-

saccharide analysis with amount of arabinose in WE-AX samples

corrected for AGP content as described in the methods.
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