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Abstract The high molecular weight subunits of wheat
(Triticum aestivum L.) glutenin (HMW-GS) are important
in determining the bread-making quality of flour and
dough. There is therefore interest in transferring ortholo-
gous HMW-GS present in other grass species into wheat by
wide crossing in order to extend the range of end use prop-
erties. In this work, we have isolated and characterized two
genes encoding D hordeins from Hordeum chilense (Roem.
et Schult.) lines H1 and H7, representing two ecotypes. The
fragments were 4,305 bp for line H1 and 4,227 for line H7
and contained the promoter, coding and terminator regions.
Both sequences differ in the presence of single base
changes (SNPs) and insertions/deletions in the open read-
ing frame (ORF). The encoded proteins comprise 870 and
896 amino acids for lines H1 and H7, respectively. The pri-
mary structure is similar to those of D hordeins of culti-
vated barley (H. vulgare L.) and HMW-GS from wheat.
However, the D hordeins from H. chilense are significantly
larger than those from cultivated barley due to the presence
of longer repetitive regions. The H. chilense D hordeins
also differ from those of cultivated barley in the distribution
of the cysteine residues: whereas the D hordeins of culti-
vated barley contain ten cysteines with four in the repetitive
domain, only nine are present in the H. chilense proteins
with two in the repetitive domain. As in the HMW-GS, the
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central part of the D hordein proteins comprises repeated
sequences based on short peptide motifs. The repetitive
domain is divided in three regions named as R1 (N-terminal
repeats), R2 (central degenerate repeats) and R3 (C-termi-
nal repeats). Hexapeptide motifs are present throughout the
repetitive domains of D hordeins with a consensus motif of
PFQGQQ in R1 and R2 and PHQGQQ in R3. In addition,
the tetrapeptide motif TTVS, which is characteristic of D
hordeins of cultivated barley is present in the repetitive
domain close to the protein C-terminus.

Introduction

Prolamins are the major storage proteins synthesized in the
seeds of cereals and other grasses (Lawrence and Shepherd
1981). Although prolamins are highly polymorphic both
within and between species, those present in wheat (7riti-
cum aestivum L.), barley (Hordeum vulgare L.) and other
members of the Triticeae can be divided into three families
based on their amino acid sequences (Miflin et al. 1983).
The S-rich prolamins comprise the o gliadins, y gliadins
and low molecular weight glutenin subunits (LMW-GS) of
wheat and the B and y hordeins of barley; the S-poor prola-
mins comprise the o gliadins and C hordeins of wheat and
barley, respectively, while the high molecular weight prola-
mins comprise the high molecular weight glutenin subunits
(HMW-GS) of wheat and D hordein of barley.

The HMW-GS of wheat have been studied in detail
because of their importance in determining the bread-mak-
ing quality of dough (Payne etal. 1987; Shewry et al.
1992). Amino acid sequence comparisons show that all
HMW-GS share a conserved structure comprising a signal
peptide (which is removed co-translationally), and short
N-terminal and C-terminal domains flanking a central
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repetitive domain (Shewry etal. 1995). The repetitive
domain comprises repeats based on two or more short pep-
tide sequences, with the degree of reiteration of the repeats
largely accounting for the differences in length between the
HMW-GS (Shewry et al. 1995). A range of studies includ-
ing analyses of cultivars and crosses have shown that
HMW subunits differ in their impact on bread-making per-
formance with subunits 1Ax] and 1Ax2* and subunits
1Dx5 and 1Dy10 (encoded by chromosomes 1A and 1D,
respectively) in particular being associated with high dough
strength and good bread-making quality (reviewed by
Payne 1987; Shewry et al. 2003). These HMW-GS have
therefore been used to alter wheat grain quality by genetic
transformation (Altpeter etal. 1996; Barro etal. 1997;
Blechl and Anderson 1996).

In contrast to our detailed knowledge of the HMW
subunits of wheat, we know little about the orthologous
subunits present in other grass species, which could be
incorporated into wheat by wide crossing. For example, the
D hordeins in barley are encoded by the Hor3 locus on
chromosome 5 (1H) have similar structures to the HMW-
GS of wheat but have subtle differences, for example in the
number and distribution of cysteine residues (Halford et al.
1992; Gu et al. 2003). These proteins may therefore confer
useful properties if transferred to wheat.

Cultivated barley is not readily crossed with wheat and
hence gene transfer between these species is difficult to
achieve. In contrast, the related wild species, H. chilense
(Roem. et Schult.) can be hybridized with both tetraploid
durum wheat (7. turgidum spp. durum (Desf.) Husn) and
hexaploid bread wheat (7. aestivum L.) and such hybrids
have been used to develop hexaploid and octaploid forms
of a novel cereal, Tritordeum (Martin and Sanchez-Monge
1982; Alvarez et al. 1992; Martin et al. 1999). The hexa-
ploid Tritordeum forms derived from durum wheat are of
particular interest as they combine high-nitrogen uptake
and water use efficiency with improved bread-making qual-
ity, indicating that the H" genome can substitute to some
extent for the D genome of bread wheat.

Accessions of H. chilense show considerable variation in
their patterns of hordein storage proteins, including D hord-
ein (Alvarez et al. 2001), and may therefore have different
impacts on bread-making and malting quality when used to
make Tritordeums (Alvarez et al. 1992; Martin et al. 1999).
In particular, variation in the D hordein subunits contrib-
uted by the H. chilense parent has been shown to affect the
dough strength in addition to the HMW subunits contrib-
uted by the durum wheat parent (Alvarez et al. 1999).

It is clear, therefore, that the D hordeins of H. chilense
represent a novel type of functional protein, which can be
transferred to bread or durum wheats by conventional cross-
ing rather than by using GM technology, which would be
required to transfer the orthologous D hordeins of cultivated
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barley. To explore this possibility we have isolated and
characterized two genes encoding D hordeins from H. chi-
lense and compared the sequences of the encoded proteins
with those of D hordeins from H. vulgare and HWM-GS
from wheat. This shows that they have differences in struc-
ture compared to D hordeins of cultivated barley, which
could be exploited by transfer to conventional bread-mak-
ing wheats as well as by expression in Tritordeums.

Materials and Methods
Plant material

The diploid accession lines of H. chilense (Roem. et
Schulz) H1, HS, H7, H10, H11, H16, H47, H55, H56, H57,
H74, H75, H204, H205, H210, H220, H252, H293, H297
and H303 were from the germplasm collection of the Insti-
tuto de Agricultura Sostenible, CSIC, Cordoba, Spain.
Plants were grown in a greenhouse with supplementary
lights providing a day/night regime of 12/12 h.

Amplification of short fragments of D hordeins

Genomic DNA from the H. chilense lines was isolated
using a CTAB method (Stacey and Isaac 1994). Primers
HoD*3 and HoD*4 were used to amplify short fragments
encoding H. chilense D hordeins (Table 1). These primers
were designed on the basis of the published sequence of the
mRNA sequence of D hordein from H. vulgare (GenBank
accession number D82941). All primer used in this work
were synthesized by Sigma-Genosys, Pampisford, UK. The
PCR conditions to amplify the short fragments of H. chi-
lense D hordein were as in Piston et al. (2005). The result-
ing products were gel-purified, cloned in pGEMT-Easy
vector (Promega, Madison, WI, USA), and introduced into
competent Escherichia coli (DH5x) cells by cell transfor-
mation. The plasmid was isolated and purified using QIA-
prep® Spin Miniprep Kit from Qiagen, Valencia, CA, USA,
and used as template for sequencing.

Amplification of cDNA ends (RACE PCR)

RNA isolation was carried out as described previously (Pis-
ton et al. 2005). Total RNA from the endosperm of H. chi-
lense line H7 10days after flowering was used to
synthesize the anchored ¢cDNA and the 5’'and 3’ ends as
described by the SMART™ RACE c¢DNA Amplification
Kit from Clontech, Palo Alto, CA, USA. The specific prim-
ers HoD*5, HoD*6, HoD*7 and HoD*8 (Table 1) were
designed using the short fragments previously sequenced to
generate overlapping 5'and 3’ RACE products. The 5’and 3’
end products were size-fractionated by gel electrophoresis,
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Table 1 Description of PCR primers for cloning and molecular characterization of the D hordeins of H. chilense

Primer Description Sequence (5" — 3')

HoD*3 Forward for D hordein TGCAAGGGCAACAACAAGGACAAGGG

HoD*4 Reverse for D hordein CCACTAGGCTGGTATCCTTGTTGTCCTTGTCCTG
HoD*5 External primer for 3’ RACE CAAGAAGGATACTACCCAAGTGCAACTTTTCC
HoD*6 External primer for 5" RACE ACTGTTGCGGAGAAGTTGCACTTGGGTAG
HoD*7 Nested primer for 3' RACE CAACAGCCAGGACAAGGGCAAACAGG

HoD*8 Nested primer for 5" RACE AGTATCCTGTTTGCCCTTGTCCTGGCTG
HoD*13 Nested primer for 3’ genome walking TGTATACAATAAGCGTGACGTGTGCTC
HoD*14 Nested primer for 5’ genome walking GGTAGAAGGATCCTCCCTTGGATG

HoD*15 External primer for 3’ genome walking TCCAACGAGTTGTACTATGACAGC

HoD*16 External primer for 5’ genome walking ATAGGTTTCCCACCATCTTCCTTG

potHorD*1 Forward for full-length gene CTCATTCGGGAAGCGGGAAAA

potHorD*2 Reverse for full-length gene CCTCTTCGTCCTGCCGCAGAC

potHoD:1402-F
potHoD:2688-R

Forward for D hordein repetitive domain

Reverse for D hordein repetitive domain

GCAGCAAGGGTCCTATCCAAGC
CGGAGAAGTTGCAGTTGGGTAGTAGT

bands eluted using the Gel Extraction Kit from Qiagen, and
cloned and sequenced as describe above.

Isolation of 5'and 3" untranslated regions
by genome walking

Genomic DNA was isolated from young leaves by the Plant
DNAzol® reagent from Invitrogen, Carlsbad, CA, USA,
following the manufacturer’s instructions. The isolation of
the promoter and the terminator region of the D hordeins
was carried out from DNA of H. chilense lines H1 and H7
using the Universal Genome Walker Kit (Clontech) accord-
ing to manufacturer’s instructions and using the gene-spe-
cific nested primer pairs HoD*16/HoD*14 and HoD*15/
HoD*13, respectively (Table 1). The primers were
designed on the basis of the 5’ and 3" RACE-PCR frag-
ments obtained above.

The nested PCR fragments obtained from the Genome
Walker ‘library’ were cloned into pGEMT-Easy vector
(Promega) and used to transform the E. coli DH5a compe-
tent cells. The plasmids were isolated using QIAprep Spin
Miniprep Kit from Qiagen, and sequenced.

Full-length gene isolation and repetitive
region amplification

The sequences obtained from the 5’ and 3’ untranslated
region were used to design the primers potHorD*1 and pot-
HorD*2 (Table 1) to amplify the full D hordein gene from
genomic DNA from H. chilense lines H1 and H7. The PCR
amplification was carried out using the Advantage 2 Poly-
merase Mix (Clontech).

The fragments amplified were cloned and sequenced as
described above. Three clones for each line were sequenced

in both forward and reverse orientation to ensure the
sequence. To determine the complete DNA sequence of
each D hordein the full-length nucleotide sequence was
assembled with the sequence data from the genome walk-
ing.

The full-length D hordeins sequences from lines H1 and
H7 were used as template to design the primer pair
potHoD:1402-F/potHoD:2688-R (Table 1) to amplify part
of the repetitive domain in 15 lines of H. chilense. Acces-
sions numbers of the full-length genes are EF417988 and
EF417989 for H1 and H7, respectively.

Bioinformatic analyses

All the bioinformatics design and analyses were performed
using the Vector NTI 9.1.0 suite (Invitrogen). Sequence
identity searches were performed at the National Center for
Biotechnology Information (NCBI) http://www.ncbi.
nlm.nih.gov. Sequences were aligned using the CLU-
STALX (Version 1.81) (Thompson et al. 1997). ProML in
Felstein’s PHYLIP package (Felsenstein 1999) was used to
generate a maximum Likelihood tree based on the Jone—
Taylor—Thornton algorithm (Jones et al. 1992).

Results

Isolation and nucleotide sequence of full-length
D hordein genes

Previous analyses of 38 lines of H. chilense showed ten
allelic forms of D hordein with one form (subunit lHCh)
being present in 11 of the lines (Alvarez et al. 2001). The
gene encoding this subunit was isolated from H. chilense
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line H1 and that encoding the less widespread subunit 3"

(present in five lines) from line H7, using the primers
HoD*3 and HoD*4 (Table 1).

The fragments from H1 and H7 were confirmed as
encoding D hordein by BLASTn search and were used to
design the primer pairs HoD*5/HoD*7 and HoD*6/HoD*8
(Table 1) to amplify the 5" and 3" ends from cDNA synthe-
sized from line H7 by RACE-PCR. Subsequently, the
primer pairs HoD*13/HoD*15 and HoD*14/HoD*16
(Table 1) were designed, based on the 5’ and 3’ cDNA
ends, to amplify the 5’ and 3’ untranslated regions by
genome walking from lines H1 and H7. Finally, the primer
pair potHorD*1/potHorD*2 designed based on the 5’ and
3’ untranslated sequences, was used to amplify the full-
length D hordein genes. Enzymes with proofreading activ-
ity were used for the amplifications to minimize PCR
errors. The full-length sequences were confirmed as encod-
ing D hordeins by BLASTn searches. The fragments were
4,305 bp for line H1 and 4,227 for line H7 and contained
the promoter, coding and terminator regions (Fig. 1a). The
promoter regions contained all the regulatory elements and
motifs that are characteristic of HMW-GS genes and are
considered to confer endosperm-specific expression (Hal-
ford and Shewry 2007).

The open reading frames (ORFs) for H1 and H7 com-
prise 2,691 and 2,613 bp, respectively, this difference being
due to the presence of insertions/deletions between both
sequences. For example, the line H1 sequence has two
insertions with respect to the line H7 sequence of 108 and
18 bp, respectively, whereas the line H7 sequence has an
insertion, with respect to the HI1 sequence, of 48 bp
(Fig. 1a). These deletions/insertions occur only within the
coding regions of the genes and do not interrupt the ORFs.
Comparison of the sequences of H1 and H7 also shows the

presence of single base changes (SNPs). In total, 54 SNPs
were present and were more frequent in the coding regions
(42 SNPs) than in the promoter (four SNPs) and terminator
(eight SNPs) regions. Primers potHoD:1402-F/
potHoD:2688-R (Table 1), flanking the positions of the
insertions/deletions, were designed to test if differences in
the length of the ORF also occurred in other lines of H. chi-
lense (Fig. 1a, b). Of the 13 additional lines that were anal-
ysed, five (H8, H57, H75, H204 and H16) showed the same
1,312 bp band as H1, and eight (H10, H11, H74, H303,
H47, H55, H56 and H205) the same 1,234bp as H7
(Fig. 1b).

Amino acid sequence analysis

The D hordein ORFs encode proteins of 8§70 and 8§96 amino
acid residues for lines H1 and H7, respectively. Analysis of
the amino acid sequences showed that D hordeins from H.
chilense have a primary structure similar to those of D
hordeins of cultivated barley and HMW-GS from wheat
(Fig. 2). This conserved structure consists of a 21 amino
acid signal peptide and short N-terminal and C-terminal
domains flanking a central repetitive domain (Table 2,
Fig. 3). It should be noted that D hordeins from H. chilense
are significantly larger than those from cultivated barley
due to the presence of longer repetitive regions. The H. chi-
lense D hordeins also resemble those from cultivated barley
in having more cysteine residues than the HMW-GS but
differ in their distribution: whereas the D hordeins of culti-
vated barley contain ten cysteines with four being present
in the repetitive domain, only nine are present in the H. chi-
lense proteins with two in the repetitive domain (Table 2).
The non-repetitive N- and C-terminal domains of the D
hordeins from H. chilense and cultivated barley show high-

a H1 (EF417988) insertions
TATA Box (108bp) (18bp) polyA Signal
Promoter H ORF Terminator
= &
(48bp)
L H7 (EF417989) insertion
b H. chilense lines
bp M 1 8 57 7520410 11 16 74 303 7 47 55 56 205
1584 —
1375 = B a
—— D e —— . — —
947 =

Fig. 1 a Nucleotide structure of the D hordeins from H. chilense, lines
H1 and H7, accession numbers EF417988 and EF417989, respec-
tively. The insertions present in H1 or H7 and not present in the other
line are indicated. The relative positions of the primers that amplify the
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repetitive region containing all insertion are indicated by the arrows.
b. Agarose gel of the fragment amplified using the primer arrowed in
panel a and indicated in Table 1. Each number corresponds to an
accession of H. chilense. M molecular marker
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Cys
Cys \
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Signal peptide ‘Cys ‘Cys
A AAA
H. chilense H1 (EF417988)
Cys
Cys
Cys
Cys Cys
Cys ‘ ‘ Cys
Signal peptide ‘ Cys ‘ Cys
gV xk
H. chilense H7 (EF417989)
Cys
Cys
Cys Cys
Signal peptide | ‘ VS ‘Cys Cys ‘Cys
A A
H. vulgare (BAA11642)
Cys
S
Cysy
Cys
Signal peptide ‘ ‘Cys ‘Cys
g i 7}

T. aestivum 1Dy10 (CAA31396)

200 amino acids

Fig. 2 Model of D hordeins from H. chilense lines H1 and H7 and comparison with D hordein from H. vulgare and the HMW-GS 1Dy10 from
wheat. Signal peptide and the position of the cysteine residues are indicated

sequence identity, as demonstrated by the alignment shown
in Fig. 3. The alignment also shows that the D hordeins from
H. chilense are similar to the x- and y-type HMW-GS, with
the sequence of the N-terminal domain being more similar to
those of y-type HMW-GS and the C-terminal domain to
those of x-type HMW-GS, respectively. When the combined
sequences of these domains are used to construct a phyloge-
netic tree using the neighbour-joining method (Fig. 5) the D
hordeins of H. chilense and H. vulgare group together and
closer to the y-type HMW subunit: this reflects the fact that
the 110 residue N-terminal domain has a greater effect on the
analysis than the 42 residue C-terminal domain.

As in the wheat HMW-GS, the central part of the D
hordein proteins comprises repeated sequences based on
short peptide motifs. Gu et al. (2003) defined two blocks of
repeats separated by a non-repetitive region containing sev-
eral cysteine residues in D hordeins of barley. However,

manual alignment of the sequences (Fig. 4) shows that this
region is also repetitive but that the structure is degenerate
with frequent mutations and insertions/deletions. We will
therefore refer to these three regions of the repetitive
domain as R1 (N-terminal repeats), R2 (central degenerate
repeats) and R3 (C-terminal repeats) (Fig. 5).

Hexapeptide motifs are present throughout the repetitive
domains of D hordeins (54 in H1, 56 in H7, 48 and 43 in H.
vulgare) (Table 3). These have a consensus motif of
PFQGQQ (which is identical to that present in the HMW-
GS) in R1 and R2 and PHQGQQ in R3. In the R1 and R2
regions these hexapeptides occur tandemly or interspersed
with 11 residue repeats (consensus GYYPSATSPQQ)
which are related to the nonapeptides present in the HMW-
GS (consensus GYYPTSP or LQQ). A total of 31 residue
repeats of these are present in H1, 30 in H7 but only 19 in
the H. vulgare proteins (Table 3). Finally, a small number of
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Table 2 Characteristics of the primary structure of the D hordeins from H. chilense lines H1 and H7 in comparison with those D hordeins from
H. vulgare and the HMW-GS from wheat (7. aestivum). The D hordeins from H. vulgare are indicated by their accession number

Subunit Number of amino acid residues Number of cysteine residues
N-terminal C-terminal Repetitive Total N-terminal C-terminal Repetitive Total
domain domain domain domain domain domain
T. aestivum
1Ax1 86 42 681 809 3 1 0 4
1Ax2 86 42 666 794 3 1 0 4
1Bx7 81 42 645 768 3 1 0 4
1By9 104 42 538 684 5 1 1 7
1Dx2 88 42 687 817 3 1 0 4
1Dx5 89 42 687 818 3 1 1 5
1Dy10 104 42 481 627 5 1 1 7
1Dy12 104 42 493 639 5 1 1 7
H. vulgare
AAP31051 110 42 584 736 5 1 4 10
BAA11642 110 42 534 686 5 1 4 10
H. chilense
H1 110 42 723 875 5
H7 110 42 697 849 5
Signal peptide N- terminal

12X1 : MTKRLVLFAAVVVALVALTAAEGEA---------- SGQLQCERELQEH- -~ SLKACRQVVDQQL - === ===========-=~ RDVSPECQPVGGG

1Bx7 : MAKRLVLFAAVVVALVALTAAEGEA-- ---SGQLQCEHEL-E------- ACQQVVDQQL--- --RDVSPGCRPITVS

1Dx5 : MAKRLVLFVAVVVALVALTVAEGEA-- ---SEQLQCERELQELQERELKACQQVMDQQL-~======-=—-=——=—-——— RDISPECHPVVVS

1Dyl0 : MAKRLVLFAAVVIALVALTTAEGEA-- —--SRQLQCERELQES---SLEACRQVVDQQLAGRLPWSTGLQMRCCQQLRDVSAKCRSVAVS

1By8 : MAKRLVLFATVVITLVALTAAEGEA---------— SRQLQCERELQES---SLEACRQVVDQQLAGRLPWSTGLOMRCCQQLRDVSAKCRLVAVS

AAP31051 : MAKRLVLFVAVIVALVALTTAEREINGNNIFLDSRSRQLQCERELQES---SLEACRRVVDQQLVGQLPWSTGLOMQCCQQLRDVSPECRPVALS

BAA11642 : MAKRLVLFVAVIVALVALTTAEREINGNNIFLDSRSRQLQCERELQES---SLEACRRVVDQQLVGQLPWSTGLQOMQCCQQLRDVSPECRPVALS

Hor-D-H1 : MAKPLVLFAAVVVALMSLTAAEGEATGNNIFRPLRIGQLQCERELQET---SLEACRQIVDQQLVGQLPWSTGLOMRCCQQLRDVSPECRPAAVS

Hor-D-H7 : MAKPLVPFAAVVVALVSLTAAEGEATGNNIFRPLRIGQLQCERELQET---SLEACRQVVDQQLVGQLPWSTGLOMRCCQQOLRDVSPECRPAAVS

N- terminal C- terminal

1AX1 : PVARQYEQQVVVPPKGGSFYPGETTPPQQLOQSILWGIPALL-RRYY % Q0G----YDSPYHVSAEHQAASLKVAKAQQL QLPAMCRLEGGDALL Q

1Bx7 : PGTRQYEQQPVVPSKAGSFYPSETTPSQQLOQOMIFWGIPALL-RRYY E Q0G----YYSSYHVSVEHQAASLKVAKAQQLAAQLPAMCRLEGGDALSASQ

1Dx5 : PVAGQYEQQIVVPPKGGSFYPGETTPPQOLQORIFWGIPALL-KRYY [ O Q0G----YASPYHVSAEYQAARLKVAKAQQLAAQLPAMCRLEGSDALSTRQ

1Dy10 : QVARQYEQ-TVVPPKGGSFYPGETTPLQQLQOQGIFWGTSSQTVQGYY 3 Q0G----YDSPYHVSAEQQAASPMVAKAQQPATQLPTVCRMEGGDALSASQ

1By8 : QUVRQYEQ-TVVPPKGGSFYPGETTPLOOLOQVIFWGTSSQTVOGYY | > | QQG----YDNPYHVNTEQQTASPKVAKVQQPATQLPIMCRMEGGDALSASQ

AAP31051 : QVVRQYEQQTEVPSKGGSFYPGGTAPP--LQQGGWWGTS---VKWYY | = | QOSNELYYGSPYHVSVEQPSASLKVAKAQOLAAQLPAMCRLEGGGGLLASQ

BAA11642 : QUVRQVEQQTEVPSKGGSFYPGGTAPP--LOQGGHWGTS---VKWYY | & | 00SNELYYGSPYHVSVEQPSASLKVAKAQQLAAQLPAMCRLEGGGGLIASQ

Hor-D-H1 : QVARQYEQQTMVPSKGGSFYPGGTARP--LQQGRWWETY---VKWYY | @ QQSNELYYDSPCHVSTEQPVASLKVAKAQQLAAQLPAMCRLEGGGALSASQ

Hor-D-H7 : QVARQYERQTMVPSKGGSFYPGGTARP--LQQGRWWETY---VKWYY | L | QOSNELYYDSPCHVSAEQPAASLKVAKAQQLAAQLPAMCRLEGGGALSASQ

Fig. 3 Amino acid sequence alignment of the N-terminal and C-termi-
nal regions of representative HMW-GS x and y types from wheat, D
hordeins from H. vulgare and D hordeins from H. chilense. The block

tripeptides (five to seven) are present either between blocks
of hexapeptides or between hexapeptides and 11 residue
peptides. The hexapeptides in the R3 region are mainly
interspersed but in this case with a novel tetrapeptide motif
(TTVS) which has no counterpart in the HMW-GS (Fig. 4).
It is notable that only four copies of this motif are present in
HI1 and H7 of which only two matches the consensus. In
contrast, this region is expanded in the H. vulgare
AAP31051 protein to comprise 16 copies, 12 of which are
adjacent to consensus hexapeptides motifs (PHQGQQ). In
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between the N- and C-terminal regions represents the repetitive do-
main

the second H. vulgare protein (BAA11642) the R3 region is
truncated and only 11 hexapeptide + tetrapeptide repeats are
present. The numbers of repeat motifs in the four D hordein
proteins are summarized in Table 3.

Discussion

The HMW-GS of wheat are major determinants of dough
strength and hence processing quality in bread and durum
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Fig. 4 Manual alignment of the Barley H1 H7
repetitive domains of D hordeins — PDOTSSQ0- - PGOTSSO0--- PGOTSSQ0-— -
from H. chilense (H1, H7) and SWQGQQ  GYHQSVTSSQQ SGQGQQ  GYYPSITSSQR SGQGQQ  GYYPSITSSQR
H. vulgare (AAP31051). The | —-=7== —==mmmmmm- PROEQQ  ——---—------ PROEQQ  ——---—---—-
.o L PGOGOQ GSYPGSTFPOQ PGOGOQ GSYTTATFPQQ PGQGOQ GSYTTATFPQQ
repetitive domain is divided in PEOGOO  ——m oo PEOGOD  ——m e PGOGOQ  — oo
three regions named as R1 PGORQP WSYPSATFPQQ PGRGQQ GSYPSATPPQQ PGRGQQ GSYPSATFPQQ
(N-terminal repeats), R2 (central PGQGQ-  —mmmmmmme- PGQGQQ  —=----m-m - PGQGQQ  —-------- -
d dR3 | TTTIn T PEQ--- GYYPGATSSR- PEQ--- GYYPGATSSR-
egenerate repeatS) an ---GQQ GYYPGATSLLQ PGQOGQQ GYYPTATSSQQ PGQGQQ GYYPTATSSQQ
(C-terminal repeats) PGQGQQ ——-—-—mmm - PGQGQQ ——-—-—m—m -
————————————————— PEQ--- GYYPGATSSR- e e
————————————————— PGQGOQ  GYYPTATSSQQ - R
PGQGQQ GPYQSATSPQQ PGQGQQ GYYPSATSPQQ ———--- GYYPSATSPQQ
PGQGQ- ——-—=—====—-— SGRGQQ —--=--=—-=-- SGOGQQ ——-————m————
---G0Q PGOGOQ ESYPGATSTHQ PGQGOQ ESYPGATSTHQ
PGOWQQ PGOWQQ  ----------- SGQGOQ  —----------
PGOGOQ PGOGOQ GYYPSVTSPQQ PGQGOQ  GYYPSVTSPQQ
PQOSGQ PQOQIGQ -------=--- PGQQPGQ —----==-=-=
————————————————— GOQPGQ  —---------- GOQPGQ  —----------
---GQQ GYPSTTSPQQ- --AQQ- GY-PSTTSPRQ AQQ--- GYPSTTSPRQ-
————————————————— PGQGKQ GY-PSATSPQH PGQGQQ GYPGATTPHQ-
fffffffffffffffff PGQGOQ RSYPSATSPQQ PGQGOQ GSYPSATSPQQ
—————— IGOGOQ GSYPSATSPQQ TGQGRQ GSYPSATSLQQ
ffffff LGQGOQ —---------- GGQGQQ  —----------
—————— PGQGQQ GYFPTATSPQQ PGQGQQ GYFPTATSPQQ
R1 LGQGQQ  ----------- LGQGQQ  -----------
PEQ--- GYYPSATSSQQ PEQ--- GYYPSATSSQQ
SGOGOQ SGOGOQ GYYPSATSSQQ SGQGOQ  GYYPSATSSQQ
LGQGQO SGOGQQ  ----------- SGQGOQ  —----------
PGQGQO PGOGQQ GSYPSATSPQQ PGOGOQ GSYPSATSSQH
—————— LEQGQ- —----—----= LGQGQ- —----------
****** ---GQQ ESYPSATFPHQ ---GQQ GSYPSTTFPHQ
PGQWQQ PGQGQQ GYYPSATSPQQ PGOGQQ GYYPGATSPQQ
—————— PGQOSG  QGKQ------- PGQQSGQ ------=-=-=
fffffffffffffffff PGQGOQ ---GOQ GQPSTTSPRO-
—————— PGQGOO PGQGQQ  —----------
—————— 0GOEQD OGQEQQ  -----------
———————————— PGQGQQ GYPSATSPQH-
—————— GSYPSTTSPQQ PGQGQQ GSYPSATFPQH PGGGQQ GSYPSATFPQH
SGQGQQ  GYNPSGTSTQQ TGQGQQ GYYPSGTSTOQ TGQGGQ GYYPSGTSTQO
PGQVQQ ——--=-====—= LGQGQQ —--=-—=—=—=— LGQGQQ ———————————
LGQGOQ GYYPIATSPQQ SGOGOQ GYYYPTATSPRQ SGQGOQ  GYYYPTATSPQQ
PGOGQQ ----------- LGQGQQ —---------- LGQGOQ —----------
LGQGQQ ----------- LGHGQQ ~----------- LGHGQQ -----------
————————————————— LGQEKE ---—--=----— LGQEQE ~-----—-----
PGHGQQ - PGQRQQ PGQRQQ ---------=--
LVQGQQ -—----==-=-= LGQGOQ LGQGQQ —----==-=-=
QGQOGQQ GHYPSMTSPHQ PEQGQE GYYPSATFPQQ PEQGQE GYYPSATFPQQ
TGQGQK GYYPSAISPQQ PGOGQT GYYPSATSPQQ PGQGQT GYYPSATSPQQ
¥ SGQGQQ GYQPSGASSQG SGQGQQ  GYQPSGTSPQG SGOGQQ GYQPSGTSPQG
SVQ--- GACQHSTSSPQO LAQ--- GAYQPSTSSPQQ LAQ--- GAYQPSTSSPQQ
QAQGCQ  —---------- QRQGCQ  —---------- QAQGCQ  —----------
ASS--- —--———————— ASS--- —--———-———-— ASS--- —---—--————
R2 PKQGLGS LYYPSGAYTQQK LEQGLGS LYYPSGASTHQK LEQGLGS LYYPSGASTHQK
PGQGYN PGGTSPLHQQO- PGQGYY PGGTSPQOQO- PGQGYY PGGTAPQQQQ-
GGGFGG  -—--—=———-——— GGGFHG -----—-—-——— GGGFHG -----—-—-———
GLTTEQ -------—-—-—- GLTTEQ -----—-———- GLTTEQ ------—-—-—-
T A& PQGGKQ ----------- PQGGQQ ----------- PGQGOQ -----------
PFACQQ PFPGQQ TTIS- PFPGQQ TTIS-------
PHOGQQ PHQGQQ TTVS------- PHQGQQ TTVS----—--
PHQGQQ PHQGQH TIVF------- PHQGQH TIIF-------
PHQGQQ PHQDQQ PHODQQ  -===-==-=-==
PHOGQQ TTVS------- ——=--= coommmmomoo ooeoo oo
PHQGQQ TTVS------- = ———=—-= ———————————  —————— -
PHOGOQ mmmmm e
PHPGQQ TTVS-----== ======  mmmmmmmmmmm mmmmmm e
PHOGOQ
R3| eurcoo
PHQGQQ
PHOGOQ
PHQGQQ
PHQGQQ
PHOGOQ
PHQGQQ
PGEQPC PGEQSC
GFPGOO GFGPQQ
LHHGQQ -----—-—-—- LHHGQQ
L - SRR — SN----

wheats. They occur in a range of allelic forms and specific
alleles are associated with strong or weak dough properties
(reviewed by Payne 1987; Shewry et al. 2003). However,

despite this polymorphism there is limited variation in their
detailed structures, the most striking being differences in
the length of their repetitive domains. A number of studies
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Fig. 5 Maximum likelihood

D-hordeins H7

tree obtained with the alignment H. chilense \ / A
of the full amino acid sequences '
show in the figure. The amino
acid sequences were compared
by Clustal analysis with minor BAA11642
modifications. The D hf)rdeins s 1/3;x1 ~ AAP31051
from H. vulgare are indicated by ~
their corresponding accession D-hordeins
numbers H. vulgare
1Dx2 -
1Dx5
/ 1By9
1Bx7 I
1Dy10 1DY12
HMW-GS
T. aestivum

Table 3 Repeat peptide com- .
positions of the R1, R2 and R3 Number of repeated peptides
regions of the repetitive domains H1 H7 AAP31051 BAA11642
of D hordeins from H. chilense
(H1, H7) and H. vulgare R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
(AAP31051, BAA11642)

Tripeptide 5 2 0 5 2 0 2 0 3 2 0

Tetra 0 4 0 4 0 16 0 0 11

Hexa 43 5 8 41 5 8 24 5 19 24 5 14

11 Residue 28 3 0 27 3 0 16 3 0 16 3 0

have therefore been directed towards the identification of
new HMW-GS alleles in exotic germplasm and related wild
species of Triticum and Aegilops, as reviewed by Shewry
et al. (2006). Nevertheless, the extent of variation in HMW-
GS structure in these lines is still limited, with the most
successful approach being to increase the number of
expressed genes by introducing Glu-Al loci expressing two
subunits compared to the single subunit expressed by this
locus in bread wheat cultivars (Ciaffi et al. 1995; Rogers
et al. 1997). The D hordeins of cultivated barley and H. chi-
lense therefore provide a wider range of variation which, in
the latter species, can be readily incorporated into wheat by
wide crossing.

The two H. chilense D hordein genes reported here have
highly conserved structures, showing 94% sequence iden-
tity and differing only in SNPs and small insertions/dele-
tions. These differences are concentrated in the coding
regions of the genes, with 1 SNP per 68 bp, with the 5'and
3’ regions being highly conserved. In fact, the major differ-
ences between the two genes were insertions and deletions
within the sequences encoding the repetitive domains of the
proteins, which is consistent with the proposed mechanism
of evolution of these domains by mispairing and unequal
crossing over of repetitive nucleotide sequences (D’Ovidio
et al. 1996; Wan et al. 2005).

@ Springer

Analysis of 13 additional lines showed only restriction
fragments corresponding to those present in the H1 and H7
genotypes, which agrees with the suggestion of Vaz Patto
et al. (2001) that H. chilense comprises two major ecotypes
(represented in this study by H1 and H7) with a third group
of lines being hybrids between the two.

The proteins encoded by the H1 and H7 genes differ
from each other in amino acid substitutions but also in
insertion/deletions, which in most cases reflect the block
structure. Thus, the H7 protein differs from that encoded by
HI in deletions of 36 residues (comprising one tripeptide,
two hexapeptides and two blocks of 10 and 11 residues)
and seven residues (a degenerate block of four and half of a
hexapeptide) and by the insertion of a hexapeptide and an
adjacent block of 10 residues (indicated in Fig. 4). This
results in the size difference between the two mature pro-
teins, which comprise 875 (H1) and 849 (H7) residues.

A higher degree of re-iteration of the repetitive domain
also accounts for the difference in size between the D
hordeins of H. chilense and barley but in this case there are
also differences in the degree of re-iteration of the different
motifs. In particular, the extensive reiteration of the hexa-
peptide and tetrapeptide motif in the R3 region is reduced
from 16 blocks in the protein encoded by cultivated barley
line AAP31051 to only four blocks in the H1 and H7
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proteins. However, the R1 region is shorter in the barley
protein and the whole protein is only 584 residues.

In wheat the length and degree of conservation of the
repetitive sequences present in the HMW-GS are both con-
sidered to contribute to gluten strength due to their impact
on the interactions of the subunits (Belton 1999, 2005).
According to this model, subunits with long and highly
conserved repetitive domains will form more elastic dough
due to the formation of extensive arrays of inter-chain
hydrogen bonds when the repetitive domains become
aligned during mixing. This model is supported by spectro-
scopic and biomechanical measurements of gluten fractions
and recombinant peptides (Wellner et al. 2005, 2006). The
higher degree of re-iteration of the repeats in the H. chi-
lense D hordeins and their greater similarity to those pres-
ent in the HMW-GS of wheat (which lack the TTVS motif)
may therefore result in an ability to form more stable inter-
actions with the HMW-GS in dough than those formed by
D hordeins of cultivated barley.

In addition, the D hordeins from the two Hordeum spe-
cies differ from each other and from the HMW-GS in
another potentially important respect: the number and dis-
tribution of cysteine residues. Thus, four cysteines are pres-
ent in the repetitive domain of the H. vulgare proteins and
two in H. chilense, compared with zero or one in the
HMW-GS. In addition, either 5 + 1 or 5 + 2 cysteines are
present in the N-terminal + C-terminal domains of the H.
vulgare and H. chilense proteins, respectively, compared
with 3+ 1 or 5+ 1 in the x-type and y-type HMW-GS,
respectively (Table 2). Disulphide bonds between cysteine
residues are considered to be essential to stabilize the glute-
nin polymers (as discussed by Shewry et al. 2003) but there
is also evidence from the over-expression of subunit 1Dx5
in transgenic wheat that excessive cross-linking can have a
negative impact leading to polymers which are too stiff and
unable to hydrate fully on dough mixing (Popineau et al.
2001). Consequently it would be expected that the lower
cysteine content of the H. chilense D hordein would result
in more acceptable properties when transferred to durum or
bread wheat than their homeologous from cultivated barley.

Conclusions

Two D hordeins from H. chilense have been isolated and
characterized. These show differences in SNPs and inser-
tions/deletions, which result in differences in the size of the
encoded proteins. Comparisons with D hordeins of culti-
vated barley show that those from the H. chilense have
longer repetitive region but fewer and differently distrib-
uted cysteine residues. The D hordeins of H. chilense repre-
sent a novel type of functional protein which can be
transferred to bread or durum wheats by conventional

crossing to widen the properties for conventional (bread-
making or pastamaking) or novel uses.
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