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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Six wheat cultivars were grown at Rothamsted (UK) with three levels of nitrogen fertilizer (100, 200 and 350 kg N/ha) 
in 2009 and 2010. Gene expression in developing caryopses at 21 days post-anthesis (DPA) was profiled using the 
Affymetrix Wheat GeneChip®. Four of 105 transcripts which were significantly upregulated by nitrogen level were 
annotated as γ-3 hordein and the identification of corresponding expressed sequence tags showed that they differed 
in sequence from previously described (typical) γ-gliadins and represented a novel form of γ-gliadin. Real-time reverse 
transcriptase PCR at 14, 21, 28 and 35 DPA revealed that this transcript was most abundant and most responsive to 
nitrogen at 21 DPA. Four novel γ-gliadin genes were isolated by PCR amplification from wheat cv. Hereward and the 
related species Aegilops tauschii and Triticum monococcum while three were assembled from the genomic sequence 
database of wheat cv. Chinese Spring (www.cerealsdb.uk.net). Comparison of the deduced amino acid sequences of 
the seven genes showed that they shared only 44.4–46.0% identity with the sequence of a typical γ-gliadin (accession 
number EF15018), but 61.8–68.3% identity with the sequence of γ-3 hordein from the wild barley species Hordeum 
chilense (AY338065). The novel γ-gliadin genes were localized to the group 1 chromosomes (1A, 1B, 1D).

Key words: gliadin genes, grain quality, nitrogen, nutrition, protein, wheat.

Introduction

The gluten proteins of wheat account for up to 80% of the 
total protein in the mature grain (Wrigley and Bietz, 1988) 
and are of particular interest because of their role in deter-
mining the processing properties of the grain. In particular, 
they form a continuous viscoelastic network in dough that 
traps and retains the carbon dioxide is produced by fermenta-
tion during dough proofing, allowing the production of leav-
ened bread (Shewry et  al., 2009a). Attention has therefore 
focused on the structure of the gluten network and on the 
biochemical and molecular bases for its unique biomechani-
cal properties.

Wheat gluten comprises a complex mixture of proteins 
that are classified into two groups which are usually present 

in approximately equal amounts. This classification is based 
on whether the protein subunits are present as monomers 
(gliadins) or assembled into polymers stabilized by inter-
chain disulphide bonds (glutenins). Both groups can be fur-
ther subdivided, the gliadins into α-gliadins, γ-gliadins and 
ω-gliadins (based originally on their order of mobility on 
electrophoresis at low pH), and the reduced glutenin subu-
nits into low- and high-molecular-weight groups according 
to separation by sodium dodecylsulphate/polyacrylamide gel 
electrophoresis. This classification has proved to be remark-
ably durable because these groups of proteins differ in their 
functional properties, with the glutenins being the major 
determinants of dough strength (elasticity) and the gliadins 

Abbreviations: CTAB, hexadecyltrimethylammonium bromide; DPA, days post-anthesis; EDTA, ethylene diaminetetra-acetic acid disodium; EST, expressed sequence 
tags; IAA, isoamyl alcohol; RT-PCR, reverse transcriptase PCR.
© 2012 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details)

mailto:peter.shewry@rothamsted.ac.uk
http://www.cerealsdb.uk.net
http://creativecommons.org/licenses/by-nc/2.0/uk/
http://creativecommons.org/licenses/by-nc/2.0/uk/
http://jxb.oxfordjournals.org/open_access.html


162 | Wan et al.

of dough viscosity and extensibility. A balance between these 
properties is required for good breadmaking performance, 
with insufficient elasticity being the most widespread cause of 
poor breadmaking quality. Hence, the glutenins have been a 
major focus of research over the last three decades (reviewed 
by Shewry et al., 2004, 2006).

The protein content of  wheat is determined by genetic and 
environmental factors. Breadmaking wheats are selected for 
high protein, with a minimum of  13% (dry matter basis) 
being specified for the Chorleywood Breadmaking Process, 
which is used for over 80% of  the ‘factory-produced’ bread 
in the UK. Breadmaking wheats have therefore been bred 
to have higher protein contents (by about 2% dry weight) 
when grown under the same conditions of  nitrogen fertili-
zation than low-protein wheats bred for livestock feed and 
industrial uses (Snape et al., 1993; Monaghan et al., 2001). 
However, environmental factors, particularly the availability 
of  nitrogen, have a much greater impact on grain protein 
content than genotype, and the protein content may vary 
by up to 2-fold (from about 7 to 15% dry weight) when the 
same cultivar is grown with different levels of  nitrogen fer-
tilization (Dupont and Altenbach, 2003; Kindred et  al., 
2008; Godfrey et  al., 2010). Farmers, therefore, select the 
appropriate level of  fertilizer to maximize the grain yield 
and to optimize the protein content for the requirements of 
the market.

The increase in grain protein under conditions of  high 
nitrogen fertilization results largely from greater synthesis 
and accumulation of  storage proteins with a recent study 
showing an increase in the yield of  wet gluten from about 
10 to 30% flour weight when the grain N increased from 
1.2 to 2.2% dry weight (Godfrey et al., 2010). However, the 
gliadins and glutenins differ in their response to nitrogen 
with the gliadins increasing disproportionally, resulting in 
increased dough extensibility (Kindred et al., 2008; Jia et al., 
1996; Panozzo and Eagles, 2000; Zhu and Khan, 2001). The 
response may also vary between cultivars (Pechanek et al., 
1997), with effects on glutenin composition as well as on the 
ratio of  gliadin to glutenin (Pechanek et  al., 1997; Wieser 
and Seilmeier, 1998; Zhu et al., 1999). More detailed studies 
of  the effects of  post-anthesis nitrogen fertilizer on the pro-
portions of  individual gluten and non-gluten proteins were 
reported by Altenbach et  al. (2011), who used two-dimen-
sional electrophoresis and mass spectrometry to identify 
individual components. They also showed an increase in the 
ratio of  gliadin to glutenin with post-anthesis fertilizer, from 
1.02 to 1.30.

There is considerable interest in reducing the levels of 
nitrogen fertilizer required for producing bread wheat, to 
reduce the environmental footprint, the energy requirement 
for fertilizer production and the cost to the farmer (Foulkes 
et al., 2009). Increasing nitrogen availability has both posi-
tive and negative effects on breadmaking quality, by increas-
ing the total gluten protein content but also increasing the 
ratio of gliadin to glutenin to increase extensibility but 
reduce strength. This represents a challenge for breeders as 
eliminating the effect on gliadin accumulation could result in 
improved quality at lower grain protein contents. This study 

therefore examined the effects of nitrogen fertilization on the 
expression of gluten proteins, and has led to the characteri-
zation of novel family of γ-gliadin genes which are highly 
responsive to nitrogen fertilization.

Materials and methods
Six wheat cultivars – Cordiale, Hereward, Istabraq, Malacca, Marksman 
and Xi 19 – were grown in replicated field trials at Rothamsted Research 
(Harpenden, UK) in 2009 and 2010. Nitrogen was applied at three levels 
(100, 200 and 350 kg N/ha) (Barraclough et al., 2010). Ears were tagged 
at anthesis and whole caryopses were harvested from the middle part 
of the ear at 14, 21, 28 and 35 days post-anthesis (DPA) and frozen at 
−80 °C for RNA extraction.

RNA was extracted using a method based on Chang et al. (1993). 
About 1.5 g of whole caryopses were ground in a cooled mill and RNA 
extracted in hexadecyltrimethylammonium bromide (CTAB) buffer 
(2% CTAB, 2% polyvinylpyrrolidinone K30, 100 mM Tris/HCl, pH 8.0, 
25 mM ethylene diaminetetra-acetic acid (EDTA), 2.0 M NaCl, 0.5 g/l 
spermidine, 2% (w/v) 2-mercaptoethanol) with chloroform/isoamyl 
alcohol (IAA) (24:1) to remove proteins. RNA was precipitated with 
10 M LiCl and incubation on ice overnight, dissolved in buffer (1.0 M 
NaCl, 0.5% (w/v) sodium dodecyl sulphate, 10 mM Tris/HCl pH 8.0, 
1 mM EDTA) to remove polysaccharides and extracted once with 24:1 
chloroform/IAA. After ethanol precipitation, total RNA was dissolved 
in diethylpyrocarbonate-treated water and stored at −80 °C. Primers for 
PCR amplification are given in Supplementary Table S1. PCR reac-
tions were performed at 95 °C for 2 min, followed by 40 cycles at 95 °C 
for 30 s, 48 °C for 30 s and 72 °C for 2 min, with a final extension 
step at 72 °C for 7 min using PfuTaq polymerase (Promega, Madison, 
WI, USA). PCR products were separated on 1% (w/v) agarose gel and 
the bands excised, purified and sequenced by Eurofins MWG Operon 
(London, UK).

For reverse transcriptase PCR (RT-PCR), total RNA was cleaned with 
a mini RNeasy RNA isolation kit (Qiagen, Hilden, Germany) and treated 
with RNase-free TURBO DNase (Ambion, Austin, TX, USA). Then 
5 µg of total RNA was used for reverse transcription with SuperScript™ 
III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using 
anchored oligo-(dT)23 primers (Sigma, St Louis, MO, USA). Diluted 
cDNA (1:10) was used for RT-PCR in a 25 µl reaction with 1×SYBR 
Green PCR master mix (Invitrogen). All time points had three technical 
and three biological replicates. RT-PCR was performed on an ABI 7500 
Real Time PCR system (Applied Biosystems, Foster City, CA, USA).

The transcript Ta.2526.1.S1_at was used as an internal control 
as it showed the most stable expression in developing caryopses of 
cv. Hereward between 6 and 42 DPA (Wan et al., 2008). Primers for 
RT-PCR were designed using Primer Express software and are shown 
in Supplementary Table S1. The PCR product sizes of the γ-gliadin 
and internal control were 101 and 50 bp, respectively. The specific-
ity of the primers was verified by the amplification of a single band 
resolved on 3% (w/v) agarose gels and dissociation melting curves. 
The efficiencies of PCR were estimated using LinRegPCR software 
(Ramakers et al., 2003) with 101.3% for the γ-gliadin and 101.4% for 
the internal control. The relative expression was calculated using 7500 
sequence detection software version 1.4 (Applied Biosystems) in the 
formula ratio=2−ΔΔCt.

The He-1 γ-gliadin sequence was blasted from the genome sequence 
database of cv. Chinese Spring (www.cerealsdb.uk.net) and contigs 
were aligned and assembled using software Geneious.

Transcriptional profiling was performed by the School of Biological 
Sciences at the Univeristy of Bristol using the Affymetrix GeneChip® 
Wheat Genome Array with the standard one-cycle cDNA synthesis 
protocol and hybridization (as described in the GeneChip® Expression 
Analysis Technical Manual). Transcriptome data analysis was carried 
out using GeneSpring® version 11 (Agilent Technologies, Stockport, 
Cheshire, UK), following the standard workflow for two-factor experi-
ments (nitrogen level, variety).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers318/-/DC1
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Results

Grain protein content of six cultivars

Six UK wheat cultivars were grown in randomized field 
experiments at Rothamsted in 2009 and 2010 with three rep-
licate plots at each of three levels of nitrogen fertilization: 
100 kg/ha, which is below the usual rate of application in the 
UK, 200 kg/ha, which is similar to the optimal level for yield 
response and 350 kg/ha, which is above the optimum for yield 
response but results in increased grain protein. The cultivars 
were five breadmaking wheats (Cordiale, Hereward, Malacca, 
Marksman and Xi 19)  and one feed wheat (Istabraq) and 
the grain protein contents ranged from 1.49 to 2.44% (2009) 
and 1.52 to 2.44% (2010) dry weight in the former and from 
1.40 to 2.06% (2009) and 1.44 to 1.99% dry weight (2010) in 
the latter. These differences are consistent with the fact that 
breadmaking and feed wheats are selected for high and low 
protein contents, respectively. The grain nitrogen contents of 
all cultivars increased with higher applications of nitrogen, 
from a mean of 1.54% at 100 kg N/ha to a mean of 2.25% at 
350 kg N/ha (see Supplementary Table S2 for details).

Identification of a novel type of γ-gliadin gene and its 
response to nitrogen application

Developing caryopses were harvested from each plot at 21 
DPA which corresponds to the most active part of the grain 
filling period. RNA fractions were isolated and gene expres-
sion profiles determined using Affymetrix Wheat GeneChip 
microarrays for each of the three biological replicates for all 
treatments (N level × variety, for 2 years).

The Affymetrix microarrays contain 18 probe sets anno-
tated as related to γ-gliadins (see Supplementary Table 
S3). Fourteen correspond to typical γ-gliadin sequences as 
described by Shewry et  al. (2009b) and these also showed 
broadly similar expression profiles. However, because glu-
ten proteins are highly polymorphic between genotypes not 
all of the probe sets corresponded to sequences present in 
all six cultivars. Similarly, the high degree of sequence iden-
tity within families of gluten protein genes means that many 
probe sets would cross-hybridize with related transcripts. 
The expression profiles of transcripts hybridizing to these 14 
probe sets were therefore averaged, and they showed that the 
expression of the γ-gliadin gene family responded to nitrogen 
application for all cultivars in 2009 (Fig. 1A) and to an even 
greater extent in 2010 (Fig. 1B), particularly between the 100 
and 200 kg N/ha treatments. Furthermore, the cv. Hereward 
showed the greatest response. The remaining four γ-gliadin 
probe sets derived from expressed sequence tags (ESTs) 
BJ235128 (Ta.9940.1.A1_at), CD906599 (Ta.6175.1.S1_at, 
and Ta.6175.1.S1_x_at) and BJ240530 (Ta.6175.2.A1_x_at) 
differed in their sequences from typical γ-gliadins and shared 
high identity with γ-3 hordein from the wild barley spe-
cies Hordeum chilense (accession number AY338065). They 
are therefore considered to represent a novel form of wheat 
γ-gliadin. These sequences also showed a consistently greater 
response to nitrogen application, as seen in the averaged 
expression profiles (Fig. 1C and 1D). This strong response of 

the novel γ-gliadin gene(s) to nitrogen application was con-
firmed by RT-PCR using the same RNA fractions as those 
used for the Affymetrix analysis (Fig. 1E, F).

In order to determine the abundances of the novel γ-gliadin 
transcripts and their response to nitrogen at a wider range of 
developmental stages, RT-PCR was carried out on cDNA 
fractions from cv. Hereward at 14, 21, 28 and 35 DPA in 2010 
(Fig.  2). These time stages correspond to the start of grain 
filling, the most active phase of grain filling, the final phase of 
grain filling and the start of the desiccation/maturation phase, 
respectively. There was little difference between the expression 
profiles of the novel γ-gliadin transcripts in caryopses grown 
at the three nitrogen levels at 14 DPA. Thereafter, the abun-
dances of the novel γ-gliadin transcripts increased more in the 
caryopses grown at 200 and 350 kg N/ha than in those grown 
at 100 kg N/ha, by 3- to 4-fold at 21 DPA and 4- to 6-fold at 
28 DPA. Little effect of N treatment was observed at 35 DPA.

Characterization of novel γ-gliadin genes from wheat 
and related species

The EST sequences from which the four probe sets were 
derived were used to design primers to amplify transcripts 
from cDNA of developing grain of wheat cv. Hereward at 

Fig. 1. Expression of transcripts for typical and novel forms of 
γ-gliadin. The expression of γ-gliadin transcripts on Affymetrix 
(A–D) and real-time RT-PCR (E and F) at 21 DPA in 2009 (A, C and 
E) and 2010 (B, D and F). (A, B) Average expression of sequences 
hybridizing to 14 probe sets for typical γ-gliadins in 2009 (A) and 
2010 (B). (C, D) Average expression of sequences hybridizing to 
four probe sets for novel γ-gliadins in 2009 (C) and 2010 (D). (E, 
F) Validation of novel γ-gliadin expression at 21 DPA by real-time 
RT-PCR in 2009 (E) and 2010 (F). CO, Cordiale; HE, Hereward; 
IS, Istabraq; MA, Malacca; MK, Marksman; XI, Xi-19. N100 etc., 
100 kg N/ha, etc. Bars show standard errors.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers318/-/DC1
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21 DPA. This identified two sequences, one of which (called 
He-1, accession number HE819390) consisted of a 981 bp 
open reading frame which covered the four Affymetrix probe 
sets at different positions (Supplementary Fig. S1). The sec-
ond gene (He-2, JX081267) consisted of 952 bp, but con-
tained an in-frame stop codon and an extra nucleotide insert 

which resulted in a frame shift. It was therefore concluded 
that although both genes are transcribed, He-1 and He-2 
correspond to functional and non-functional novel γ-gliadin 
genes, respectively.

The sequences of related novel γ-gliadin genes were then 
identified from the genomic database for wheat cv. Chinese 
Spring (www.cerealsdb.uk.net), allowing the assembly of 
three full-length sequences called CS-1, CS-2 and CS-3 
(Supplementary Table S4). CS-1 corresponds to He-1 and is 
putatively functional (with no stop codons or insertions/dele-
tions). Similarly, CS-2 corresponds to He-2 but lacks the stop 
codon and insertion present in He-2 and hence is also consid-
ered to be putatively functional. CS-3 does not correspond to 
either He-1 or He-2 and contains two in-frame stop codons; 
hence it is considered to be non-functional. The same primer 
sets were then used to amplify related sequences from genomic 
DNA of diploid species with genomes related to those of hexa-
ploid bread wheat, Aegilops tauschii, which is the progenitor of 
the D genome, and Triticum monococcum, which is related to 
the progenitor of the A genome of bread wheat. Single tran-
scripts from each species were identified, called Tm (accession 
number JX081266) and Ae (JX081265), respectively.

The seven novel γ-gliadin proteins encoded by these 
sequences are aligned in Fig.  3. The proteins all have a 
typical γ-gliadin structure with a signal peptide, a short 

Fig. 2. Abundance of transcripts related to the novel γ-gliadin 
in developing caryopses of wheat cv. Hereward grown in 2010, 
determined by real-time RT-PCR. N100 etc., 100 kg N/ha, etc. This 
figure is available in colour at JXB online. Bars show standard errors.

Fig. 3. Alignment of novel γ-gliadin proteins. Alignment was performed with ClustalW using the BLOSUM matrix of Geneious Pro5.5.6 
version software. CS-1, CS-2 and CS-3 (pseudogene, predicted protein), novel γ-gliadins from Chinese Spring; He-1 and He-2 
(pseudogene), novel γ-gliadins from cv. Hereward; Ae and Tm, novel γ-gliadins from Ae. tauschii and T. monococcum, respectively. This 
figure is available in colour at JXB online.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers318/-/DC1
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N-terminal domain, a repetitive domain based on short 
motifs rich in proline and glutamine and a C-terminal 
domain with eight cysteine residues which are known to 
form four intra-chain disulphide bonds (see Shewry et al., 
2009a). However, the sequence of  the novel γ-gliadin 
greatly differs from that of  the typical γ-gliadin. The 
repeat sequence motif  of  the repetitive domains of  typical 
γ-gliadins is PFPQ1–2(PQQ)1–2, while the consensus repeat 
sequence motif  in the novel γ-gliadin is PLPQ3–4 with very 
few PQQ sequences (Fig. 4).

Sequence comparison of γ-gliadin proteins

The mature forms of the novel γ-gliadin proteins com-
prise between 280 and 308 amino acid residues, with cal-
culated molecular masses ranging from 32.2 to 36.0 kDa 
(Supplementary Table S5), and the variation in size resulting 
mainly from the insertion/deletion of repeat motifs. The novel 

γ-gliadins showed between 79.7 and 98.7% sequence identity 
with each other, between 61.8 and 68.3% sequence identity 
with the γ-3 hordein sequence, but only between 44.4 and 
46.0% sequence identity with the typical γ-gliadin encoded 
by EF15108 (Supplementary Table S6).

The seven novel γ-gliadin proteins may be separated into 
three groups based on their sequence similarity (Fig.  5). 
CS-1 and He-1 are grouped together with Ae (from Ae. 
tauschii, the progenitor of  the D genome of  bread wheat) 
and hence may be putatively assigned to the D genome, 
while CS-3 is grouped together with Tm (from T. monococ-
cum, which is related to the progenitor of  the A genome) 
and may be similarly assigned to the A genome. Genome 
sequence blasting in URGI (http://urgi.versailles.inra.fr) 
confirmed that CS-1 and He-1 are located on chromosome 
1DS and also showed that CS-2 and He-2 are located on 
1BS. CS-3 could not be assigned by this approach as the 
sequence of  the short arm of  wheat chromosome 1A is not 
yet available. Only single copies of  the CS-1, CS-2 and CS-3 
genes are present and they are therefore considered to be 
homoeologues.

Comparisons between the sequences in Fig.  5 and those 
encoded by the 26 typical γ-gliadin genes identified in the 
genomic sequence of cv. Chinese Spring by Bartels et  al. 
(1986) and Qi et al. (2009) showed a clear distinction between 
the novel and typical types (Fig. 6), with the novel type being 
closer to the γ-3 hordeins in sequence. A  similar degree of 
separation was also shown when the sequences encoded by 
129 γ-gliadin genes (also identified by Qi et al., 2009) were 
included in the analysis (Supplementary Fig. S2). Whether 
the whole sequences of the proteins were used for the anal-
ysis or only the sequences of the non-repetitive N-terminal 
sequence and C-terminal domain not significantly affect the 
relationship (data not shown).

Fig. 4. Comparison of repetitive motifs between novel and typical 
γ-gliadin proteins (EF15018).

Fig. 5. Neighbour-joining tree of the novel γ-gliadin proteins 
(based on full-length protein sequence). This figure is available in 
colour at JXB online.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers318/-/DC1
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Discussion

Seven novel γ-gliadin genes were identified by PCR amplifica-
tion and sequence assembly from wheat cultivars Hereward 
and Chinese Spring and the related species Ae. tauschii and 
T. monococcum. These novel γ-gliadin genes encode proteins 
comprising signal peptides, short N-terminal sequences, 
repetitive domains and long non-repetitive C-terminal 
domains with eight cysteine residues. This structural organ-
ization is similar to that of typical γ-gliadins, where the 
cysteine residues have been shown to form four intra-chain 
disulphide bonds (Rafalski, 1986; Shewry et al., 2009a). This 
is consistent with the novel proteins being monomeric, rather 
than incorporated into glutenin polymers. However, the 
sequences of the novel γ-gliadin proteins showed only about 
45% identity with those of a typical γ-gliadin. The novel and 
typical γ-gliadins also differ in their repeat motifs, with con-
sensus motifs of PFPQ1–2(PQQ)1–2 in typical γ-gliadins (Qi 
et al., 2009; Altenbach et al., 2010) and PLPQ3–4 (with very 
few PQQ tripeptides) in the novel γ-gliadins.

The genes encoding γ-gliadins and ω-gliadins are mainly 
located at the Gli-1 loci on the short arms of  the group 1 
chromosomes while α-type gliadins are encoded by multi-
gene families at the Gli-2 loci on the short arms of  the group 
6 chromosomes (García-Olmedo et  al., 1982; Payne et  al., 

1984). In this study, He-1 and CS-1 were assigned to the 
short arm of chromosome 1D, He-2 and CS-2 to the short 
arm of chromosome 1B and CS-3 provisionally assigned to 
the A genome.

Southern blotting analyses indicated the presence of 15–40 
copies of γ-gliadin genes in Chinese Spring (Sabelli and Shewry, 
1991) while a total of 26 putatively functional γ-gliadin genes 
from Chinese Spring have been sequenced (Bartels et  al., 
1986; Qi et al., 2009). Our results showed that CS-1, CS-2 and 
CS-3 clearly differ from all other known γ-gliadins in Chinese 
Spring, and from more than 340 γ-gliadins from Triticum and 
Aegilops species encoded by sequences in the NCBI database. 
Moreover, the sequences of the seven novel γ-gliadin genes 
are clustered with γ-3 hordein from the barley wild species 
H.  chilense, indicating that the families of genes encoding 
the novel and typical forms of γ-gliadin may have separated 
before the separation of Triticum and Hordeum.

The novel γ-gliadin gene(s) in cv. Hereward are expressed 
at low levels at 14 DPA. Expression increases rapidly to reach 
to a maximum at 21 DPA, and falls at 35 DPA. This expres-
sion pattern is consistent with that of other gliadins (Pistόn 
et  al., 2006; Shewry et  al., 2009b). Their expression is also 
strongly affected by nitrogen availability, particularly between 
21 and 28 DPA. However, comparison of the six cultivars at 
21 DPA using the Affymetrix GeneChip and RT-PCR also 

Fig. 6. Neighbour-joining tree of three novel and 26 typical γ-gliadin proteins from cv. Chinese Spring (based on full-length protein 
sequences).
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showed clear differences between cultivars in the response 
of the novel γ-gliadin genes to nitrogen, with Cordiale and 
Xi-19 showing higher relative expression at low nitrogen, but 
less response to increased nitrogen. By contrast, Hereward 
and Malacca showed lower expression at low nitrogen, but 
greater responses to increased nitrogen. All six cultivars also 
showed greater responses to nitrogen in 2010 than in 2009, 
both in terms of γ-gliadin expression and total grain per-
centage of nitrogen. The differences in grain percentage of 
nitrogen between 2009 and 2010 resulted from greater dilu-
tion of grain protein in 2009 due to the higher grain yields 
(wet cool summer), in comparison to low grain yields in 2010 
(low spring rainfall) (data not shown). The interaction with 
γ-gliadin expression may reflect differences in timing of pro-
tein synthesis during grain development due to the different 
weather patterns.

The regulation of prolamin gene expression by nitro-
gen has been studied in barley by measuring the expression 
of the UidA (Gus) reporter gene driven by the C hordein 
(ω-gliadin homologue) promoter under different nitrogen 
regimes (Müller and Knudsen, 1993). Most prolamin genes 
of wheat and barley have two conserved motifs 5’ upstream 
of the transcriptional start site, called the endosperm box 
and GCN4-like box (Hammond-Kosack et  al., 1993), with 
the GCN4-like motif  regulating the response to nitrogen by 
conferring high expression at high nitrogen, but reducing 
gene expression at low nitrogen. However, the protein which 
binds to GCN4-like motif  has not been identified in plants 
and the sensing and signal transduction mechanisms are not 
understood. Nevertheless, it is likely that these mechanisms 
will be affected by both the genotype and the wider environ-
ment, which would explain the differences observed between 
the six cultivars and the 2 years of growth.

In practical terms, the identification of differences in the 
nitrogen responsiveness of individual γ-gliadin genes both 
within and between cultivars indicates that it may be possible 
to use targeted plant breeding to modify the effect of nitrogen 
on gluten protein composition, to reduce the disproportional 
increase in gliadins which occurs at high nitrogen availability. 
This would allow the protein content required for breadmak-
ing to be reduced and hence lower amounts of nitrogen ferti-
lizer to be applied.
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