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    Abstract     Dietary fi bre (DF) has been shown to be a vital component of diet for 
human health, decreasing the risk of cardiovascular disease, type II diabetes and 
possibly bowel cancer. DF in wheat fl our is derived from the cell walls of the starchy 
endosperm, which is principally composed (~70 %) of the polysaccharide arabinox-
ylan (AX). Diversity screens of elite wheat germplasm have established that varia-
tion in total and water-extractable AX within fl our exists and has high heritability. 
Identifi cation of genes which determine AX content will assist in introduction of 
high DF alleles into appropriate backgrounds. We identifi ed candidate genes for the 
synthesis and feruloylation of AX from bioinformatics approaches. Using RNAi 
suppression of genes in wheat endosperm, we have shown that a glycosyl transfer-
ase (GT) family 61 gene is responsible for nearly all mono-substitution of xylose by 
arabinose on AX, and that genes in GT43 and GT47 families are responsible for the 
synthesis of the xylan backbone in AX. Using mapping populations derived from 
crosses of high AX x normal AX varieties, we are also seeking to identify QTLs for 
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high AX. This combination of forward and reverse genetics will accelerate the intro-
duction of the high fi bre alleles into modern commercial wheat varieties.       

    Wheat as a Source of Dietary Fibre 

 In addition to providing calories and protein to much of the world’s population, 
wheat is also an important source of dietary fi bre (DF), with bread products alone 
contributing 20 % of the DF in the adult UK diet. There is also a signifi cant shortfall 
in the intake of DF in many countries. For example, in the UK the daily intake of DF 
is only about 13 g per day (Buttress and Stokes  2008 ) compared with a recom-
mended daily intake of 25–40 g a day in most other countries. Most of the DF con-
sumed is non-starch polysaccharides, with resistant starch contributing about 20–25 
% of the total in European diets (Cummings  1983 ). There is strong evidence that DF 
in wholegrain provides protection against the risk of a number of chronic diseases, 
including type 2 diabetes, obesity and cardiovascular disease, with both soluble and 
insoluble forms contributing to the benefi cial effects (Slavin  2004 ; Topping  2007 ; 
Wood  2007 ; Lunn and Buttriss  2007 ; Buttress and Stokes  2008 ; Anderson et al. 
 2009 ; Fardet  2010 ). DF is not digested in the upper gastrointestinal (GI) tract and 
many of the benefi cial effects result from fermentation in the colon. However, it also 
has effects throughout the GI tract, with insoluble fi bre providing faecal bulk to 
speed up transit, while soluble fi bre may increase the viscosity of the digesta to 
reduce the rates digestion and the uptake of nutrients in the small intestine, and 
hence lower the glycaemic load. The wide consumption and low cost of staple foods 
made from wheat mean that it is an excellent vehicle to deliver the health benefi ts 
conferred by DF to large populations at low cost. However, in order to achieve this 
it is necessary to increase the fi bre content of wheat and, in particular, in the part of 
the grain that is most widely consumed: the starchy endosperm which forms white 
fl our on milling.  

    Cell Wall Composition of Wheat 

 The wheat grain comprises three main parts which differ in their contents and com-
position of cell wall polysaccharides. The major storage tissue is the endosperm, 
which accounts for about 90 % of the dry weight of the mature grain (Barron et al. 
 2007 ). The outer layer of endosperm cells, called the aleurone layer, have thick cell 
walls which account for about 40 % of the dry weight. These surround the starchy 
endosperm cells, which have thin walls (about 2–3 % dry wt.) and contain mainly 
starch and storage proteins. The second major tissue is the embryo, which accounts 
for about 3 % of the mature grain (Barron et al.  2007 ). These tissues are sounded 
by several outer layers, the nucellar epidermis, testa and inner and outer pericarps. 
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On milling the outer layers, embryo and aleurone form the bran fraction and the 
starchy endosperm cells the white fl our. 

 The major cell wall polysaccharides in the cell walls of wheat grain are arabinox-
ylan (AX) and (1,3; 1,4)-β-D-glucan (β-glucan). AX comprises a backbone of β-D- 
xylopyranosyl residues linked through (1,4) glycosidic linkages, with some residues 
being substituted with α-L-arabinofuranosyl residues, while β-glucan comprises 
only glucose residues which are linked by (1,4) and (1,3) bonds. AX accounts for 
about 70 % of the total cell wall polysaccharides in white fl our and 62–65 % in 
aleurone, while β-glucan accounts for about 20 % and 29–35 % in these tissues, 
respectively (Table  46.1 ). Cellulose is a minor component in both tissues (2–4 %) 
while the starchy endosperm cell walls also contain about 7 % glucomannan. By 
contrast, the composition of the outer bran layers has high contents of cellulose, 
lignin and complex glucuronarabinoxylans but no β-glucan (Table  46.1 ).

       Genetic Variation and Heritability of AX Content 

 Analyses of wheat genotypes have shown extensive variation in the content and 
composition of AX in whole grain and white fl our. A study carried out under the EU 
FP6 HEALTHGRAIN programme (Poutanen et al.  2008 ), showed that total DF 
varied from 11.5 % to 15.5 % dry wt (mean 13.4 %) in wholegrain of 129 wheat 
lines grown on the same site, while total AX (TOT-AX) ranged from 5.53 % to 7.42 
% (mean 6.49 %) (Andersson et al.  2013 ). A more detailed study of 151 lines grown 
on the same site (including those studied by Andersson et al.  2013 ) compared the 
contents of TOT-AX and water-extractable AX (WE-AX) in fl our and bran fractions 
(Gebruers et al.  2008 ; Ward et al.  2008 ). Although the bran fractions contained 
13–22 % TOT-AX, WE-AX only ranged from 0.30 % to 0.85 %, corresponding to 
between 2 % and 5 % of the whole fraction. By contrast, white fl our contained only 
1.35–2.75 % TOT-AX but between 20 % and 50 % of this was water soluble (0.30–
1.4 % dry wt. WE-AX). A small number of lines from this study were subsequently 
grown in an additional fi ve environments (sites and/or years), allowing the broad 
sense heritability of the AX fractions to be determined. The ratios of genetic vari-
ance to total variance were 0.39 and 0.71 for TOT-AX in bran and fl our, 

    Table 46.1    Compositions of cell wall types in wheat grain tissues (% dry weight)   

 Cellulose  Lignin  Xylan  β-glucan  Glucomannan  Refs. 

 Starchy endosperm  2  0  70  20  7  A 
 Total bran  29  8  64  6  –  B 
 Aleurone  2–4  0  62–65  29–34  –  C 
 Outer pericarp (beeswing)  30  12  60  –  –  D 

  References: A, Mares and Stone  1973 ; B, Selvendran et al.  1980 ; C, Bacic and Stone  1981 ; Rhodes 
and Stone  2002 ; Antoine et al.  2003 ; D, Du Pont and Selvendran  1987   
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respectively, and 0.47 and 0.59 for WE-AX in bran and fl our (Gebruers et al.  2010 ; 
Shewry et al.  2010 ). These high heritabilities, particularly for the fl our fractions, 
indicate that the contents of both TOT-AX and WE-AX should be amenable to 
manipulation by plant breeding.  

    Variation in AX Structure 

 AX comprises a backbone of β-D-xylopyranosyl residues linked through (1,4) gly-
cosidic linkages, with some residues being substituted with α-L-arabinofuranosyl 
residues at either position 3 or positions 2 and 3. Another key attribute of AX struc-
ture is the degree of feruloylation of some of the three-linked arabinose. The solu-
bility of AX is dictated by degree of arabinose substitution (increasing solubility), 
cross-linking of AX chains by intermolecular dimerization of ferulate (decreasing 
solubility) and the chain length of AX backbone (longer chains are less soluble) 
(Saulnier et al.  2007 ). Any of these attributes may infl uence the benefi ts that AX 
confers in the diet, either directly or by altering the solubility of AX. There is 
genetic variation in the proportions of monosubstituted and disubstituted xylose 
residues (Saulnier et al.  2007 ) but less is known about genetic variation of the other 
AX structural attributes. AX feruloylation, measured as total bound ester-linked 
ferulic acid, is highly variable with low heritability, but the extent of genetic varia-
tion within white fl our (where levels are much lower) is unknown. More research is 
needed both of the structural attributes of AX which confer greatest benefi t in 
human diet and on the wheat genes responsible for them to determine the impor-
tance and feasibility of genetic improvement of AX structure.  

    Genes Responsible for AX Synthesis in Wheat Endosperm 

    Identifi cation of Candidate Genes 

 Xylan is more abundant in primary cell walls of grasses than those of dicots and 
arabinose substitution is far more common (the main substitution in dicot xylan 
being glucuronic acid). Feruloylation of AX occurs exclusively in grasses and other 
commelinid monocots. Since xylan is a highly abundant polymer within plant bio-
mass, we expect transcripts encoding the synthetic enzymes to be highly abundant; 
exploiting this fact and the differences between grasses and dicots led us to identify 
candidate genes for the synthesis and feruloylation of AX (Mitchell et al.  2007 ). The 
results are summarized in Fig.  46.1 ; we identifi ed clades within the glycosyl trans-
ferase (GT) gene families 43, 47 and 61 as likely involved in the synthesis of AX, 
and a clade from the BAHD acyl coA transferase superfamily as likely responsible 
for AX feruloylation.
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   Using RNA-Seq transcriptome analyses of developing wheat starchy endosperm, 
we found transcripts within all of these clades during the period of greatest AX 
synthesis (Pellny et al.  2012 ). In order to demonstrate their function, we transformed 
wheat to suppress their expression using an endosperm-specifi c promoter driving 
RNAi constructs.  

    Role of GT61 Genes in AX Synthesis 

 We compared fi ve homozygous transgenic lines suppressing the most highly 
expressed GT61 gene in wheat endosperm with null segregant controls. Digestion 
of AX with xylanase and HPAEC quantifi cation of resultant oligosaccharides 
showed that those oligosaccharides with single three-linked arabinose substitution 
were substantially decreased and  1 H-NMR showed almost complete abolition of 
this linkage in undigested soluble AX (Anders et al.  2012 ; Fig.  46.2 ). Furthermore 
our collaborators (Dupree group, University of Cambridge, UK) showed that 
expression of similar wheat and rice genes in Arabidopsis introduced arabinose 
linkages onto Arabidopsis xylan (Anders et al.  2012 ). Therefore these GT61 genes 
encode xylan arabinosyl transferases, consistent with their far greater expression in 
grasses than dicots (Fig.  46.1 ).

  Fig. 46.1    Histogram of results of analyses in Mitchell et al. ( 2007 ). The number of orthologous 
groups are shown for each bin of log ratio of expression in cereals to that in dicots. Clades from 
families with greater expression in cereals and correct characteristics for AX synthesis (inverting 
GT families) and feruloylation (acyl transferases) are indicated       
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       Role of GT43 and GT47 Genes in AX Synthesis 

 We compared homozygous transgenic lines suppressing either the most highly 
expressed GT43 (TaGT43_2) or GT47 (TaGT47_2) genes in wheat endosperm with 
their null segregant controls. Suppression of either gene had similar effects with AX 
content decreased to about 50 % of controls as determined by monosaccharide 
composition of non-starch polysaccharide (Fig.  46.3a ; Lovegrove et al.  2013 ). 
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  Fig. 46.2    Analysis of xylan structure in endosperm samples from homozygous TaGT61_1 RNAi 
transgenic wheat. ( a ) Oligosaccharide abundance from transgenic samples relative to correspond-
ing azygous controls after xylanase digest; mean of fi ve independent lines ±95 % confi dence inter-
vals. Columns are colored according to oligosaccharide substitution: unsubstituted ( green ), 
mono-substituted only ( red ), di-substituted only ( blue ), and mono- and di-substituted ( purple ). ( b ) 
 1 H-NMR spectra for transgenic ( red ) and azygous control ( blue ) samples showing H1 signals for 
arabinose in AX: A 3 -X mono  denotes α-(1,3)–linked to mono-substituted xylose (Redrawn from 
Anders et al.  2012 )       
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In contrast to suppression of TaGT61_1, the amount of arabinose substitution was 
increased (Fig.  46.3b ). The TaGT43_2 and TaGT47_2 genes are orthologous to 
IRX9 and IRX10 in Arabidopsis, respectively. Mutations in IRX9 and IRX10 lead 
to decreased xylan and xylan chain length in Arabidopsis (Pena et al.  2007 ; Brown 
et al.  2009 ) and we obtained similar results by suppressing their orthologues in 
wheat endosperm. However, size-exclusion profi les of AX showed that suppressing 
TaGT43_2 had a greater effect on the longest chains of AX than suppressing 
TaGT47_2 (Fig.  46.3c ).

        Combining Forward and Reverse Genetics to Develop 
Wheat with Enhanced Health Benefi ts 

 Rapidly improving bioinformatics resources for wheat, e.g. the International Wheat 
Genome Sequencing Consortium (  http://www.wheatgenome.org/    ) chromosome- 
sorted survey sequences, make it possible to start relating genes to traits  in silico . In 
Table  46.2 , the genes shown to be responsible for AX synthesis in wheat endosperm 
above are shown with their putative chromosome location, together with some pub-
lished QTLs for DF or related traits in wheat. The causative alleles for these QTLs 
may be cis-elements controlling these genes or the genes themselves. As our under-
standing of which genes dictate DF content in wheat products improves, there are 
excellent prospects for effi cient breeding of wheat varieties which deliver enhanced 
health benefi ts in the near future.

  Fig. 46.3    Summary of results in Lovegrove et al. ( 2013 ) from RNAi suppression of TaGT43_2 
and TaGT47_2 genes in wheat endosperm. ( a ,  b ) Total AX abundance ( a ) and arabinose to xylose 
ratio ( b ) from transgenic samples and null-segregant controls determined by monosaccharide anal-
yses of non-starch polysaccharide; mean of three independent lines ±SE. ( c ) Log intrinsic viscosity 
of soluble AX fractions (which is proportional to log AX chain length; Dervilly-Pinel et al.  2001 ) 
separated by SE-HPLC versus concentration for samples from TaGT43_2 and a TaGT47_2 RNAi 
lines and corresponding controls       
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