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Abstract This work reports the molecular characterisa-
tion of new alleles of the previously reported Glu-RI
locus. Wheat lines carrying the chromosome substitution
IR(1D), rye cultivars and related wild species were
analysed. Five new x-type and four y-type Glu-RI
glutenin subunits were isolated and characterised. The
coding region of the sequences shows the typical structure
of the HMW glutenin genes previously described in
wheat, with the N and C-terminal domains flanking the
central repetitive region. Tri-, hexa- and nona-peptides
found in the central repetitive region of wheat glutenin
genes were also present in the rye genes. Duplications and
deletions of these motifs are responsible for allelic
variation at the Glu-RI locus. Orthologous genes (from
different genomes) were more closely related than
paralogous genes (x- and y-type), supporting the hypoth-
esis of gene duplication before Triticeae speciation.
Differences in the number and position of cysteine
residues identified alleles which in wheat are associated
with good dough quality. SDS proteins encoded by some
characterised alleles were presumptively identified.

Keywords High-molecular-weight-glutenin - Glu-R1 -
Orthologous genes - Secale cereale - Triticum aestivum

Introduction

The high-molecular-weight (HWM) glutenins are thought
to influence flour quality (Payne 1987; Odenbach and
Mahgoub 1988). Exhaustive studies have been performed
to fully characterise these proteins. Payne et al. (1981)
identified different glutenin subunits using SDS-PAGE
electrophoresis. Other authors undertook the molecular
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characterisation of the Glu-I loci (Forde et al. 1985;
Thompson et al. 1985; Halford et al. 1987; Anderson and
Greene 1989; Halford et al. 1992; De Bustos et al. 2000).
These studies have demonstrated that each Glu-I locus
contains two tightly linked genes (named x and y) coding
for protein subunits of different molecular weight.
Generally, glutenin genes are organised into three regions,
two highly conserved terminal domains, N and C, and a
repetitive central region that consists predominantly of
repeats coding for tri-, hexa- and nona-peptides. The
number of repeats of these peptides leads to the differ-
ences between glutenin subunits.

The corresponding rye proteins were detected by
comparing the endosperm protein patterns of wheat and
rye using SDS-PAGE electrophoresis. The gene Glu-R1
was located on the long arm of chromosome 1R
(Lawrence and Shepherd 1981; Singh and Shepherd
1984), corresponding to the site of the orthologous genes
in the homoeologous chromosomes of wheat and barley
(Shewry et al. 1983). Recently, the present authors
undertook the molecular characterisation of the x- and
y-type genes of the Glu-R1 locus of rye (De Bustos et al.
2001a). The x- and y-type subunits of the Glu-RI gene
were characterised using primers designed from a nucle-
otide sequence of the allele Glu-D1y10, which recognised
upstream and downstream flanking positions of the
coding regions of the genes (De Bustos et al. 2001b).
These genes reflect the typical structure of glutenin
subunits. Sequence alignment of these genes with previ-
ously characterised wheat glutenin genes clearly related
the x and y genes of rye and wheat. Consequently, a Glu-
RIx and Glu-Rly designation for these genes was
proposed.

This work reports the identification of new alleles of
the locus Glu-R1 isolated from different rye cultivars and
their most-closely related wild subspecies. This work was
performed in order to clarify this new genetic system and
to analyse the relationships of rye HMW subunits with
wheat glutenins as a pre-requisite for their use in wheat
breeding programmes.



Materials and methods
Plant material

The characterisation of new Glu-RI alleles was carried out in the
following plant material: Triticum aestivum L. cv ‘S-149-3" [2n =
20" + 1R (1D)"], a selected line belonging to a working collection
of wheat derived from a cross between the cultivar ‘Anza’ and the
Triticale ‘GA-250" (Rubio et al. 1999); the addition line 1R of
‘Imperial’ rye into common wheat ‘Chinese Spring’; the Secale
cereale L. cultivars ‘Imperial’, ‘Petkus’ and ‘Smith’; and the wild
related subspecies ancestrale, dighoricum, segetale and afghan-
icum. Wild material was kindly supplied by Dr. K. Hammer of the
Germplasm Bank at Gatersleben (Germany). The wheat cultivars
‘Chinese Spring’, ‘Hope’, ‘Bezostaya’ and the wheat line ‘7841’
(Rubio et al. 1999; De Bustos et al. 2001a) were used as testers in
different experiments.

HMW glutenin analyses and molecular characterisation
of genes

HMW glutenin analyses were performed using 7.5% SDS-PAGE as
previously described by Singh and Shepherd (1991). DNA was
purified from young leaves following the method of Sharp et al.
(1988). The isolation and characterisation of genes was performed
as previously reported by De Bustos et al. (2001a) with some
modifications: PCR amplification of genes was performed using
primers designed to amplify the Glu-DIylI0 allele (De Bustos et al.
2000, 2001b) except for the type y gene of addition line 1R. PCR
reactions were carried out using PfuTurbo DNA polymerase
(Stratagene), a high fidelity PCR polymerase. Reactions (in 50-ul
volumes containing 100 ng of genomic DNA, 0.2 uM of each
primer, 100 uM of each dNTP, 2.5 U of PfuTurbo DNA polymerase
and 1 x PfuTurbo DNA polymerase buffer) were performed in a
2400 PCR thermocycler system (Perkin Elmer). The PCR cycle
consisted of one cycle of 5 min at 95 °C, 35 cycles of 30 s at 94 °C,
1 min at 60 °C, 3 min at 72 °C and a final extension cycle of 10 min
at 72 °C. The conditions for amplifying the type y gene of addition
line 1R were the same except that the annealing temperature was
50 °C. The following primers were used: L: SCAACCAATCTC-
CACAATC3"; R: 5CTGCAGAGAGTTCTATCA3'. Cloning and
sequencing of PCR products was carried out as previously
described (De Bustos et al. 2001a). Sequence alignment was
performed using the Clustal W 1.5 programme (Thompson et al.
1994). The Phylip programme, version 3.5, (Felsenstein 1993) was
used to build phylogenetic trees.

Southern experiments

Clones of genes isolated from all material analysed were digested
using Stul and Nsil restriction endonucleases. Wheat HMW
subunits Dx5 and Dy10 were amplified by PCR, and cloned and
digested with the same enzymes as above. Fragments obtained after
endonuclease digestion were fractionated in a 0.8% agarose gel and
blotted onto nylon membranes (Roche). Stul and Nsil fragments
from Dx5 and Dy10 alleles were digoxigenin labelled (High Prime,
Roche) and used as probes. Hybridisation was carried out at 68 °C.
LumiAnalyst (Roche) was used for detection.

Results and discussion

Sequence isolation and characterisation

Primers based on published sequences of different alleles
of glutenin genes (De Bustos et al. 2000, 2001b) are
capable of amplifying orthologous genes in related
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species (De Bustos et al. 2001a). In previous work, the
authors characterised glutenin genes encoded by chromo-
some 1R of rye. Using the same strategy, new alleles of
this locus were identified in the present work. Primers for
amplifying the Dyl0 allele also amplified products of
different size in wheat lines carrying a substitution of
chromosome 1R(1D), in rye cultivars and in related wild
species. These PCR products were cloned and character-
ised as previously described (De Bustos et al. 2001a).

Initially, fragment size was taken as a reference to
distinguish between the x and y gene types, the x-type
being larger than the y-type. Hybridisation experiments
were carried out to corroborate this assumption. Clones of
PCR products were digested using Nsil and Stul endonu-
cleases. The recognition site of these restriction enzymes,
flanking the coding region, is highly conserved between
glutenin genes. After digestion, fragments were separated
on agarose gels (Fig. 1a) and blotted onto a membrane for
hybridisation with the labelled probes Dx5 and Dyl0
cloned from the Glu-1 genes of wheat to test homology
with presumptive x- and y-type sequences (Fig. 1b and ¢
respectively). As expected, strong signals were obtained
in upper bands with the Dx5 probe, whereas the Dy10
probe hybridised preferentially with smaller fragments.
Since the hybridisation signal was obtained even under
conditions of high stringency, this experiment also reveals
the close relationship between the sequences coding for
wheat glutenins and orthologous sequences amplified
from genomic DNA of rye.

Subcloning and sequencing of the amplification prod-
ucts was performed as described by De Bustos et al.
(2001a). Both x- and y-type genes were found in all plant
material analysed except in the 1R rye-wheat addition
line, in which only the x-type was clearly identified (see
explanation below). The coding sequences of x-type
genes ranged from 2,229 bp to 2,435 bp, except for the x
gene of ‘S-149’ where a stop codon was found at position
1,389 bp in the coding sequence (Table 1). For the y-type
genes, the size of the coding sequence ranged from
2,136 bp to 2,211. These values are, to some extent,
different from those of the wheat orthologous genes.
Therefore, x-type rye genes are smaller than wheat genes
and y-type rye genes are bigger than wheat y-type genes.

Analysis of sequence and structure of coding region

As expected, the complete nucleotide sequence of these
clones showed high homology to wheat genes (data not
shown). All lacked introns and showed typical glutenin
structure (Anderson and Greene 1989). They contain the
‘TATA’ box at 85 bp upstream of the ATG codon,
identical in position and sequence to the ‘TATA’ box
found in wheat glutenins. The coding sequence is also
similar to that of other HMW glutenins with their N and C
terminal domains and central repetitive region (Fig. 2).
The N-terminal region domain starts after the 21-residue
signal peptide, which is almost identical in all glutenins
(De Bustos et al. 2001a). This region is composed of 86
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Fig. 1 Hybridisation of clones obtained in the material analysed
with Dx5 and Dy10 wheat sequences. a Separation of fragments
after Nsil and Stul restriction digest of clones. Lane I in both gels
contains the molecular marker. Lanes 2 and 3 contain Dx5 and

Table 1 Plant material used in the study, gene type and name of
clones isolated coding for HMW glutenins. The size of coding
sequence and number of amino acids of deduced proteins are
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Dyl10 wheat sequences, respectively. Gels were blotted onto a
membrane and sequentially hybridised with Dx5 and Dy10 probes
at high stringency temperature

indicated. Sequences have been deposited in the NCBI Genebank
and the accession numbers are shown

Species Cultivar Gene Clone Size of coding Size of putative Genebank

type sequence (bp) protein (residues) accession
T. aestivum S-149 X pAHTas149-3 1,389(2,295) 462 AJ314772
T. aestivum S-149 y pAHTas149-4 2,139 713 AJ314783
T. aestivum Ad. line 1R X PAHTas1Rx 2,433 811 AJ314784
T. aestivum Ad. line 1R y PAHTasIR11 2,160 720 AJ314785
S. cereale ssp. cereale Smith X PAHSccs1 2,262 754 AJ314779
S. cereale ssp. cereale Smith y PAHSccs5 2,121 707 AJ314767
S. cereale ssp. cereale Petkus X PAHSccpl19 2,262 754 AJ314778
S. cereale ssp. cereale Petkus y PAHSccp3 2,139 713 AJ314780
S. cereale ssp. cereale Imperial X PAHScci48 2,343 781 AJ314782
S. cereale ssp. cereale Imperial y PAHSccil0 2,139 713 AJ314781
S. cereale ssp. ancestrale X PAHSca2 2,262 754 AJ314773
S. cereale ssp. ancestrale y PAHSca7 2139 713 AJ314774
S. cereale ssp. segetale X PAHScs3 2,262 754 AJ314768
S. cereale ssp. segetale y PAHScs1 2,139 713 AJ314777
S. cereale ssp. dighoricum X PAHScd2 2,229 743 AJ314776
S. cereale ssp. dighoricum y PAHScd1 2,139 713 AJ314775
S. cereale ssp. afghanicum X PAHScaf6 2,433 811 AJ314769
S. cereale ssp. afghanicum y PAHScaf98 2,211 737 AJ314770

and 104 amino acids in the x- and y-types respectively.
However, the C-terminal domain has 42 residues and
finishes with the two typical glutenin stop codons in both
gene types.

The central repetitive region is composed of the basic
repeat motifs described years ago for glutenin genes
(Halford et al. 1987): a hexapeptide of PGQGQQ, a nona-
peptide GY YPTSPQQ with minor residue changes, and a
highly conserved GQQ tripeptide present only in the x-
type (Fig. 3). Features earlier described by Anderson and

Fig. 2 Sequence alignment of the deduced amino-acid sequences
for x-type (A) and y-type (B) genes of the HWM glutenins
obtained. The grey box at the N-terminal region indicates the
sequence of the signal peptide. The small grey boxes indicate the
first and last residues of the central repetitive region. The cysteine
residues have also been boxed. Identical residue in all material
analysed have been denoted as *. When one or two samples of
different amino acids from the rest of the material indicate. or:
respectively



Fig. 2

5-149 MAKRLVLFAAVVVALVALTVAEGEASGOLOCERELQERELEACROIVDOQLRDTS PGORPVAVS PGTGOOEQQTVVE YPDETSPPQULEQRILWG
7841 MAKRLVLFAAVVVALVALTVAEGEASGOLOCERELQERELEACRQIVDOQLRD TS PGCRPVAVS PETGQOEQQTVVPLKGGSFY PDETSPPQOLEQRILNG
Dighoricum MAKRLVLFAAVVVALVALTVAEGEASGOLOCERELQERELEACROIVDQOLRDTS PGIORPVAVS PGTGQQEQQTVVPLKGGSFY PDETS PPOQLEQRTLWG
Imperial MAKRLVLFAAVVVALVALTVAEGEASGOLHCERELQERELEACRO TVDQOLRDTS PGIOIRPVAVS PGTGQHEQQTVVPLKGGSFY PDETS PPOQLEQRTILWG
Ancestrale MAKQLVLFAAVVVALVALTVAEGEASGQLOICERELQERELEACROTVDQQLRD TS PG YHEQQTVVPL YPDETSPPOQLEQRILWG
Segetale MAKQLVLFAAVVVALVALTVAEGEASGQLOCERELQERELEACIRO TVDQQLRDTS PGICRPVAV SPGTGRHEQQTVVPLKGGSFY PDETS PPQOLEQRILWG
Petkus MAKQLVLFAAVVVALVALTVAEGEASGQLOCERELQERELEACIROTVDQQLRDTS PGICRPVAV SPGTGRHEQQTVVPLKGGSFY PDETS PPQOLEQRI LWG
Smith MAKQLVLFAAVVVALVALTVAEGEASGQLOICERELQERELEACIRO TVDQQLRD TS PGICRPVAV SPGTGRHEQQTVVPLKGGSFY PDETS PPQOLEQRILWG
Afghanicum MAKRLVLFAAVVVSLVALTVAEGEASGQL] :FE--!WDW wnhnqumDTSP‘g:xnvazu JHEQQTVV YPGETSPPQQLEQRILWG
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Petkus MAKRLVLEGIVVIALVALTAREGEASRQL) LQESSLEARRQVVDQQLAGRLEWSTG. AVSQVARQYEQTAVPPKGGSIY
Segetale MAKRLVLEGIVVIALVALTAAEGEASROLQCERELQESSLEACROVVDQQLAGRLEWS TGLOM RHVAVSQVARQYEQTAVPPKGGSTY
Dig'haricum MAKRLVLFGIVVIALVALTAAEGEASRQLY ELQESSL '7‘- OVVDOOLAGRLPWS TGLOM RHVAVSQVARQYEQTAVPPEKGGESIY
Imperial MAKRLVLFGIVVIALVALTAAEGEASRQLOCERELQES PLEACIRQVVDOQLAGRLPWS TGLOM IRHVAVSQVARQYEQTAVPPKGGSTY
7841 MAKRLVLFGIVVIALVALTAAEGEASRQLOCERELQESS LEACIRQVVDOQLAGRLEWS TGLOMR IRRVAVSQVARQYEQTAVPPKGGSIY
5-149 MAKRLVLEFGIVVIALVALTAAEGEASRQLOCERELOESS LEACIROVVDOQLAGRLEWSTG: RHVAVSQVARQYEQTAVPPKGGSTY
Ancestrale MAKRLVLFGIVVIALVALTAAEGEASRQLOCERELQESS LEACRQVVDOQLAGRLERSTG: RHVAVSQVARQYEQTAVPPKGGSIY
Smith MAKRLVLFGIVLIALVALTAAEGEASRQLOCERELOESS LEACIROVVDOQLAGRLEWSTG: RHVAVSQVARQYEQTAVPPKGGSIY
Afghanicum MAKRLVLFATVVIALVALTAREGEASGQLOCEHELOESS LEACIROVVDOQLVGRLEWS TGLI IRHVAVSQVARQYEQTTVPPKGGSFY
Ad-line-1R MAKRLVLFATVVITLVALTAAEGEASRQLOCERELOESS LEACIROVVDOQLAGRLPHS TGLOMR RLVAVSQVVRQYEQTVVPPKGGSFY
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PGETTPLOOLOQOGIFWGTSSQ
PGETTPLOQOLOQOGIFWGTSSQTVOY

PSVTSPQQGSYYPGOASPOOPGOGOOOGKWOEPGOGQOGY Y PTSQQ0PGOGOOGHY PASQORPGOGO -
PSVTSPQOGSYYPGOASPOOPGOGOOOGKWOEPGOGQOGY Y PTSQOOPGQGOOGHY PASQOOPGOGO-

=

=
PGETTPLOQLOQGIFWGTSSO AGYYPSVTS PQQGSYY PGOASPQOPGOGOOOGKWOEPGQGROGY Y PTSQQOPGQGOQGHY PASQROPGRGQ QGHYPASLOQOPGOGQOGHY PAS
PGETTPLOQLOOGIFWGTSS! IGYY PSVTSPQOGSYY PGOASPOQPGOGOOQGKWOE PGOGROGYY PTSQQOPGQGOOGHY PASQQOPGOGD: QGHYPASLOQPGOGQOGHY PAS
PGETTPLOQLOQGIFWGTSS! E PSVTSPQOGSYYPGQASPQOPGOGOOOGKWQEPGQGQOGY Y PTSQQOPGQGQQGHY PASQROPGOGO - QGHYPASLOQPGQGQOGHYPAS
PGETTPLOQLOOGIFWGTSS! E PSVTSPQOGSYYPGOASPOOPGOGOOQGKWEEPGQGOOGY Y PTSQQ0PGOGOQGHY PASQOOPGOGO~ QGHYPASLOQOPGOGQOGHY PAS
PGETTPLOQLOOGIFWGTSS! E PSVTSPQOGSYYPGQASPQOPGOGOOOGKWQEPGQGQOGY Y PTSQQOPGQGQQGHY PASQQOPGOGO - QGHYPASLOQPGQGQOGHYPAS
PGETTPLOQLOOGIFWGTSSQTVQIGY Y PSVTSPQOGSYY PGRASPOOPGOGO0QGKWOEPGOGROGY Y PTSQOQPGOGROGHY PASQQOPGOGD QGHYPASLOQPGQGQQGHYPAS
PSETTPLOQLOQGIFWGTSSQTVQIGY Y PSVTSPROGSYY PGRASPOOPGQGOQPGKWOE PGQGQOGY Y PTSLQQPGQGQOEHY PASQQQPGQGQ -~~~ QGHYPASLOQPGQGRQTGQPGD
PGETTPLOQLOOVIFWGTS SQTVOIGY Y PSVSS POOGPYY PGOASPOOPGOGOOPGRWQELGOGQOGY Y PTS LHDSGQGQOGY Y PSSLOOPGOGO0IGREQOGY Y PTSLOOPGOGRQIGQRERD
* o kkk Ak kkk ok Ahkk Ak A AR ARk AR AR hh kA kk A AN AAN AN AN AN E AR RN A AR AN AN ok AhAAh | Ak ok AR A AR AR LA DR A DR S22 sl s R

IGQGQ QPGQGROIGREQQIRQGOQPGQERQGY YQTHPQQPGRGQ-~-~~—~ -~
QPGQGOOIGOGOQTROGOQPGOGROGY YQTHPQOPGRGY -~

QPGOGROIGQGOUIRQGOOPGOGOOGY YQTHPQOPGRGR -~ -~~~ =~~~
QPGOGROIGQGROIRQGOPGOGOQGY YOTHPQQPGOGQ- -~~~ - ===
QPGRGROIGQGORIRQGROPGIGOOGY YQTHPQOPGOGY -~

-QPGOGQOIG QGOOTIGOGOOGYYQTHPOQPGOGO -~
~QPGQGQKIG- -QGOOPGOGOOGYYQTHQOOPGOVO-~
I00PGOGOOIGOGQOPEQEQOPGOGOQGY Y PTFPOOPGOGHOPGRGOOEYY PTSLOOPGOGOPGOMOQPGRGOOTGRGOOPEQEQOPGOGOOGY Y PASLOEPGOGOOAHY PASQQOPGOGOD

IGRGQ QLGQGROIG JGOOSGOGQOGYYPTSPQOLGQGOD - - - PGOWQQSGOGEO0
wh kAR *hkk * kkkc. o * o kk o kkkkRRER L ok Kk ok * kkEkk

GYYPTSPQQPGRGQOGHY PESLQQPGQCQPCOROQPGREQQTEQEOR -~ ~ PEQEQQPGQGOOGY Y PTS POQPCREQQ-—~ ==~~~ ~ PEQGQOGYYPTSLOQPGOGROPHY PASQQQOPGOGOQ
GYYPTSPQOPGQGROGHY PGSLOQPGQGUPGURQQPGOGROTGQGOQ - - - PEQEQOPGQGROGY Y PTSPOOPGQGQQ- -PGQGQOGYYPTSLOQPGQGOOPHY PASQUOPGQGQQ
GYYPTSPQOPGQGROGHY PGSLOQPGQRGQPGRRRQPGQGROTGEQGRN - - - PEQEQUPGQGROGY Y PTSPOOPGQGQQ- -PGQGROGY Y PTSLOQPGQGQOPHY PASQUOPGQGRQ
GYYPTSPQOPGQGROGHY PGSLOQPGQGLPGLRQQPGLGROTGQGO0 - - - PEQEQUPGQGROGY YPTSPQOPGQGQQ- -PGQGROGYYPTSLOQPGQGOOPHY PASQQOPGQGRQ
GYYPTSPQOPGQGROGHY PGSLRQPGQRGQPGORRQPGQGROTGQGRN - - - PEQEQQPGRGROGY Y PTSPQOPGRGQRQ-———-—--- PGQGQOGYYPTSLOOPGQGQOPHY PASQUOPGQGRQ
GYYPTSPQQPGRGOOGHY PGSLOQPGOGOPGOROQPGHGOOTGQGON - - - PEQEQOPGOGROGY Y PTSPOOEGRGQQ-———————~- PGQGQOGYY PTSLOQPGOGROPHYPASQOOPGRGOD
GYYPTSPQOPGOGROGHY PGSLOQPGOGOPGOROQPGRGROTGOGO0 - - - PEQEQQPGRGROGY Y PTSPOOPGQGQ0Q- -PGQGROGYYPTSLOOPGOGOOPHY PASQOOPGOGOQ
GYYPTSPQOPGOGOQGHYPGS LOQPGOGOPGORORPGOGOQTGQGQO- - - PEQEQOPGQGOOGY Y PTS PQOPGOGQQ- - PGQGOOGYY PTSLOQPGQGOQPHY PASQOQPGOGO0
GHYPASPQQPGQGROGHY PASLQQPGQGQ- - QTEQPGRGOQPEQGOQ- - - PEQEQQPGQGOQGY Y PTS POQPGOGOQ PGQGQQGYYSTSLOQPGOGROGHYPTSLOQPROROD
GYYPTSQQQPGRGQOGQY PASKQOPGOGD--QGQY PASQOOPGOGORGOY PASQOOPAQGOOGOY PASQOOPGOGOOGHY LASQOQPGOGOORHY PAS LOQPGOGOQGHY TASLQOPGQGOQ

L L L R L R I L Ll PR SR SRR L P T L W dwkk ko W W kkkE ko MkwkhA ok kEwkRkkAkR ok WAk W
GHYPTSLLOPGQGQQGHY PASSLOPGQEQ- - -QGHY PASLQOPGOGQOTEQPGQGOOPAD -~ ———~ EQQSGQGQOGHY PTSLQOPGOG-QPGOROQPGQGOOTIGQGQOPEQEQOPGQGQPGH
GHYPTSLLQPGOGQQGHYPASSLOPGQGQ- - -QGHYPASLOQPGQGOOTEQPGQGOOPAQ- EQQSGQGQQGHYPTSLQOPGOG-QPGOROOPGQGOOTGOGQOPEQEQOPGOGOPGH
GHYPTSLLOPGQGQQGHYPASSLOPGQGQ- - -QGHY PASLQQPGOGQOTEQPGQGOQPAQ -~ ———~ EQQSGQGQQGHY PTSLOQPGRG-QPGOROOPGQGOOTIGQGOOPEQEQQPGQGQPGH
GHYPTSLLQPGQGQOGHYPASSLOPGQGQ- - -QGHY PASLQOPGQGUQTEQPGQGQUPAQ- -~~~ EQQSGQGRQGHYPTSLQOPGQG-QPGQROQPGOGRQIGOGQOPEQEQOPGQGOPGH
GHYPTSLLQPGQGQQGHYPASSLOPGQGQ- - -QGHY PASLQOPGQGQQTEQPGQGQUPAQ- EQQSGQGRQGHYPTSLQOPGQG-QPGQROQPGOGRQIGOGQOPEQEQOPGQGOPGH
GHYPTSLLQPGQGQQGHYPASSLOPGQGQ- - -QGHY PASLQOPGQGQQTEQPGQGQOPAQ -~ —-—— EQQSGQGROGHY PTSLQOPGQG-QPGQROQPGOGRQIGQGQQPEQEQOPGQGQPGH
GHYPTSLLQPGQGQQGHY PASSLQPGQGQ- - -QGHY PASLQOPGQGQQTEQPGOGROPGQGQQPEQEQQSGQGQQGHY PSSLOQPGOG-QPGRROQPGQGOQIGOGQUPEQEQQPGQGQPGH
GHYPRSLLQPGQGQQGQYPASSLOLGQRQ- - -QGHY PASLQQPGQGOQTEQPGQGQROPGOGROPEQEQQSGRGRQGHY PTSLOQOPGQG-QPGQROQ -~~~ -~ LGQGROPEQEQQPGQGQOGH
---PGQGROIGQGOQ - - - PEQQROFGQGO- - -QGY YPTYPROPGQGQ- - ~-QPGQGRQGY Y STS - - - LOQPGQGQQGHY PTSLOQPGQOG - QPGOROQPGQGRQIGOGQQPE PEQOPGQGOAGH
GHYPASLQQVGQGQQ IWWPGQGQQWGQQLBQGQQPGQGQ“ -QTRQGQQLEQG-~---~ QOPGQGQRGYYPTS PQQSGQGQQPGQSQQPGQGQ“'QGWSSSI&QPGQGLQGH
B L TR RE T T ke SRRk sk Wk phk o ddkdkekk ok dokdk ke kkdk wk TokkEkkk ko

WOOPGQGQEGYYPTSPQOPGON SROOPGOAQOPGOGOOIGQAQKPGOG
YEPASVOQPGOGOOTEQTGOGOQPGOGOOPEQEQOPGOGROGY Y ITSLOQPGOGKQLGO -~ ~WOQPGQGOEGYYPTSPQQPGO TSROQPGOAQQPGQGOOIGOAQKPGOG
YPASVQOPGOGQOTEQTGRGOOPGOGOOPEQEQOPGOGQOGY Y ITSLOOPGOGKOLGY: WOOPGQGQEGYYPTSPOOPGO SROOPGOAQOPGOGOOIGQAQKPGOG
YPASVQQOPGQOGQOTEQTGRGOQPGRGOOPEQEQOPGOGQOGY Y ITSLOQPGQGKOLGY: WOOPGQGQEGYYPTSPOOPGQGQOGHY PTSROOPGQAQQPGQGHQIGQAQKPGOG
YPASVQOPGOGOOTEQTGREOOPGRGOOPEQEQOPGRGQOGY Y ITSLOQPGRGKQLGQ -~ -WOQPGQGQEGYYPTSPQOPGQGOOGH : PTSROQPGOAQQPGOGOOIGQRAQKPGOG

YPASVQQPGQGROTEQTGOEOQPGOGOOPEQEQOPCOGOQCYYITSLOQPEOGRQLGY WORPGRGREGYYPTS POQPGRGOOGHCIPTSROQPGRAQOPGQGROIGOAQKPGRG
YPASVQQPGQGROTEQTGOGOQPGOGOOPEQEQOPGOGOOGY Y I TSMOQPGOGKOLGY ~~~~~~~~~ WRQPGQGQEGYYPTS POQPGRGOQGHCPTSROQPGQAQQPGOGROIGOAQKRPGRG
YPASVQOPGQGROTEQIGRGOOPGQGOOPEQEQQPGOGROGY Y ITSPOOPGOGRQLGY- -~ ===~~~ WQQPGQGOEGY Y PTSPQOPGRGOOGHCPTSROQPGOAQQPGRGOIGOAQKPGRG
YPASLOQPGQGROTEQPGQEOQQGOROHPEQEQOPCOGOQCYYPTSQOQPERGQQPGY WOQPGQGE-~--~~--=~----=—~ QGHCIPTSRQQPGQAQQPGQGRQIGQAQKPGQG

0-PGOGQOGHCPTS POOTGOAQOPGQGOQTGOVOQPGOG

dkk hkk Ak AkkAREAR o kkRE K hkk

YPASLQQPGQG----HPGQROQPGOGOOPEQGQOPGOGORGY Y PTS POOPGOGKOLGOGOOCY YPTSPQOPGOGR-~

kk o hkE kA Hk kh kk ok hkk Rk RRARE Ak hk KRk AEN Lk AE

mmpwsmpsqsmsmqmugmmsmm@xﬁa : JKATS PKVAKAQQPVAQLP, : MEGGDTLSASQ
QOGYYPTSLOQPGRGQOSGRGNQPGOGHDPGRGROSGRDROGYDIS v JKAT AQQPVAQLPT JMEGGDTLSASQ
QOGYYPTSLOQPGQGOQSGUGNOPGOGHOPGQGOQSGRDORG Clrrv JKAT AQQPVAQLPTMCOMEGGDTLSASQ
QQGYYPTSLOQPGRGROSGOGNQPGRGHQPGOGOQSGRDORG v JKATS PKVAKAQQPVAQLPTMCOMEGGDTLSASQ
QQGYYPTSLOQPGQGOOSGUGNOPGOGHOPGOGOQSGRDORG v JKAT AQQPVAQLPTMCOMEGGDTLSASQ
QQGYYPTSLOQPGRGROSGUGNOPGRGHQPGQGOQSGRDORG v JKATS PKVAKAQQPVAQLPTMCQMEGGDTLSASQ
QQGYYPTSLOQPGQGOQSGUGNOPGOGHQPGQGOQSGRDORG Clrrv JKAT AQQPVAQLPTMCOMEGGDTLSASQ
QQGYYPTSLOQPGRGOSGUGKOPGOGHQPGOGOQSGRDORG v )OATS PKVAKAQQPVAQLPTMCOMEGGDALSASQ
QOGHY PTSLOQPGQLOQSGUGONPGRGHOPGOGOQSGRDORG @msmmmsmmwmnpm' ALSATQ
QOGYYPISLOQSGREOSGUGONSCOGHOLGQGOQSCREQQGYDRPY HVNTEQQTAS PKVAKVQQPATQLPT ALSASQ
*l—*_i*_**l—*_l*_**i*** i‘!**l*li****i*!_*ll_\!‘\!_*i‘ _i* _‘\!I‘*i*t‘*i!__I‘t!:i*:)(\!_"* *i*li

B

Fig. 2 (Legend see page 76)
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type x type y
‘Smith’ Tripeptide Hexapeptide Nonapeptide ‘Smith’ Hexapeptide Nonapeptide
RYYPSVTSPHQ GYYPSVTSPQQ
GSYYPGQTSLQQ GSYYPGQASPQQ
PGQAQQ PGQGQQ
PGQGQQ QGKWQE
pGoAQQ | == (1R, af) PGQGQQ GYYPTSQQQ
PGQGQQ --- DDQ (1R, af) PGQGQQ GHYPASQQQ
PGQGQQ PGQGQQ GHYPASLQQ
PKKGQQ GYYPTTPQQ PGQGQQ GHYPASLQQ | ------ (af) = - (af)
PGQEQQ | == (7,1R,af) PGQGQQ
PGQGQQ TEQ
PGQGQP GYYLTSSQQ PGQMQQ
------ TGQAQQ (1R,af) PGQGQQ
PGQGQQ IGQGQQ
PGQGQP GYYPTSPQQ P-———- (d) PGQGQK
------ PGQGQQ (af) I1GQGQRQ ------ (af)
SGQGRQ | e IRQGQQ (P,I,S,s,d,7)
LGQGQO GQQ PGQGQQ GYYQTHQQQ
------ PGQWQQ (1R) PGQVQQ
PGQGQP GYYPTSPQQ PGQGQQ GYYPTSPQQ
PGQGQQ PGQGQQ GHYPGSLQQ |  —mm—————— (af)
PGQGQR PGQGQ-
PGQGQQ GQQ --- (1R,af) PGQROR
PGQGQQ GQQ PGQGQQ
SGQGQQ --- GQQ (I) TGQGQQ
______ PGOGQO (I) PEQEQQ
PGEGQQ GYYPTFPQQ PGQGQQ GYYPTSPQQ
PGQVQQ PGQGQQ | -=---- (af)
PGEGQQ | === (d) PGQGQQ GYYPTSLQQ
PGQGQP GYYPTSPQQ PGQGQQ PHYPASQQQ
PGQGQQ PGQGQQ GHYPASLLQ
------ PGQEQQ (d,I,7) PGQGQQ GQYPASSLQ | ------ (af) ———-----= (af)
PGORQQ |  mmmm—= (1R, af) LGQRQQ GHYPASLQQ | ------ (af) (af)
PGQGKP GYYPTSPQQ PGQGQQ
sSGQGQQ --------- |  m===—= (d) GYYPTSPQQ (7) TEQ
PGQGQS GYYPTSPQQ [  mmmmmeeee (7,1R,af) PGQGQQ
PGQEQQ PGQGQQ |- (p,I,8,s,4,7)
PGQGQQ VQQ PEQEQQ
PGQGQQ | mmmm—= (7) SGQGQQ GHYPTSLQQ
PGQGQQ GYYPTSPQQ PGQGQ-
SGQAQQ PGQRQQ --------- GYYSTSLQQ (af)
PGQWQQ --------- GSYPTSPQQ (1R,af) | ----—-= ————————- PGQGQQ (af) GHYPTSLQQ (af)
------ PGOGQQ (1R, af) PGQRGQQ (P,I,S,a,s,d,af)
PGQGQS GYYPTSQQQ | . LGRGQQ --------- GYYPTYPQQ (af)
PGQGQQ
------ PGQGQQ (d,I,7,1R) ——mm—mm ————————— | PGQGQQ (af) GYYSTSLQQ (af)
—————— PGQGQQ (7) —————= ————————— | PGQGQQ (af) GHYPTSLQQ (af)
PGQGQQ GQQ PGQGQ- (af)
Qe | mmmmes (1R) PGQRQQ (af)
PGQGQQ GYYPTSPQQ PGQGQQ (af)
PGQGQQ IGQGQQ (af)
PGeQ | == (1) PEPEQQ (af)
PGQGQP GYYPTSPQQ GHYPASVQQ
PGQGQQ
TGQGRQ --- DQQ (1R,af) = ------ (1)
PGgeee | mmmmes (7)
PGQGQQ GQQ------ GYYPTSPQQ (1R, af)
PGQGQQ GQQ --- (4,1,7,1R,af) ------ (d,7)
PGQGQQ | === (d,I) GYYITSPQQ
PGQGQQ GYYPTSPQQ
------ PGQGQQ (d,I,7,1R,af)
—————— PGQEQQ (1R, af) GYYPTSPQQ | ------ (af) —=======- (af)
—————— PGQGQQ (1R, af) GHCPTSRQQ
PGQGQL EYYPTSPQQ
PGQGQP GYYPTSPQL | ==——————— (1R, af)
PRQLQQ
PAQGQQ GYYSTSPRQ GYYPTSLQQ
PGQGQQ EYYPTSPQQ
PGQWQQ --- weo (1)  =mme-- (d) SGQGKQ
PGQGQQ GYYITSPQQ PGQGHQ
SGQGQQ PGQGQQ
PGQGQQ ----—--—— GYYPTSPQQ (1R, af) SGQDQQ
------ SGQGQQ (1R, af) GYD
pGQWLQ ! ===——— (d,7)
PEQGQE GYYPTSGQQ
—————— PGOGQQ (1R, af)
PGQWLQ
IGQGQQ GYYLTSPQQ
--------------- SGQGQQ (d,I,7,1R,af) GYYLTSPQQ (d,I,7,1R,af)
—————— PGQGKQ (d,I,7,1R,af)
PGQGQQ
GYD

Fig. 3 Repetitive region of the x- and y-types. The amino-acid
residues of x- and y-types of cultivar ‘Smith’ were ordered by
repeat classes. Peptide differences of the plant material referred to

as the

‘Smith’

sequence is indicated. Gaps were manually

introduced. S: S-149, 1R: addition line IR, 7: ‘7841, P: ‘Petkus’,

I: ‘Imperial’, a: ancestrale,
afghanicum

d: dighoricum, s:

segetale,

af:
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Greene (1989) for wheat genes are also found in rye
genes: changes in the repetitive region involve mainly the
hexapeptide motif, or a hexapeptide accompanied by
either the tripeptide or nona-peptide motifs. Also, the
tripeptide and nona-peptide motifs always occur between
hexapeptides, and runs of hexapeptide or a hexapeptide
plus one of the other two motifs are a common feature in
both the x- and y-types. However, contrary to that
observed in wheat glutenin genes, only in the y-type
sequences of rye are the deletion or duplication of
tripeptides and nona-peptides in concert with adjoining
hexapeptide motifs. Similarly, hexapeptides flanking
nona-peptides with similar residue preferences have been
observed in y-type genes, but not in the x-type genes of
rye. Finally, a tripeptide TEQ was found three times in the
y-type, which contrasts with y-type wheat genes in which
tripeptides have been not detected (Halford et al. 1987,
Anderson and Greene 1989).

Differences found in the repetitive region could be of
applied interest if a relationship between the repetitive
structure and visco-elasticity of the dough can be verified.
Previous studies have demonstrated that repetitive motifs
form regular B-turns (Tatham et al. 1984, 1985) that
might contribute to the elastic mechanism of gluten
(Shewry et al. 1989). Flavell et al. (1989) and Golds-
brough et al. (1989) have suggested that differences in
dough quality rendered by Dy10 and Dy12 wheat alleles
are due to the structure of B-turns, which depend on the
amino-acid composition of the proteins from both alleles.
However, Halford et al. (1992) found insufficient evi-
dence in the repetitive domain of the Axl and Ax2*
alleles, which affects the conformation of proteins, to
explain differences in dough quality. Thus, a deeper
analysis of the relationship between protein structure and
visco-elasticity is needed to clearly relate the composition
of the repetitive domain and dough quality.

Another important factor associated with dough qual-
ity is the number and position of cysteine residues
(Tatham et al. 1984; Halford et al. 1987). The number and
position of cysteines found in the new x-type rye alleles
are almost identical to those in the wheat x-type,
confirming previous observations (De Bustos et al.
2001a). The exceptions are an extra cysteine residue
close to the first cysteine and found at the N-terminal
region of the allele in S. cereale ssp. afghanicum (Fig. 2a),
and perhaps more importantly, the additional cysteine
residue of S. cereale ssp. dighoricum located in the
repetitive region, as previously seen in the Dx5 allele of
wheat (Anderson et al. 1989). The finding of five cysteine
residues in the good quality Dx5 compared to the poorer
quality related allele Dx2 which has only four, supports a
model of a complex disulphide cross-linked glutenin
matrix leading to improved dough visco-elasticity (An-
derson and Greene 1989). Similarly, there is an extra
cysteine residue in the C-terminal region of y-type rye
genes compared to those of wheat. This cysteine seems to
be specific for rye y-types and has not been found in y-
type subunits of wheat. The remaining cysteine residues
are positioned as seen for wheat genes, with the exception

Hope Bezos Cs 1R 7841 S-149 Petk Smith ances seget digho afghan

Axt - -
DxS s T - - iy
Bx e - “ﬁ—* : : — y-type

Bx7iae - “‘",—.
—

-

By9 =
Dy 0SS S s o= #
e

Fig. 4 HMW proteins of the material used in the study analysed by
SDS-PAGE. The wheats ‘Hope’, ‘Bezostaya’, ‘Chinese Spring’
(Cs) and line ‘7841’ were used as a glutenin tester. Putative x and y
HMW subunits of rye species are indicated on the right

of the y-type rye alleles in ‘Petkus’ which lack a cysteine
at the N-terminal region, and ‘Imperial’ which is deficient
in the cysteine of the repetitive region. As commented
above, differences in cysteine residues could mean
changes in the conformational structure of proteins that
might be related to flour quality. However, no conclusive
relationship has been found between the extra cysteines
or/and other structural features and quality (Shewry et al.
2001). A way to test the relationship of these proteins
with quality would be their use in biotechnological
programmes, introducing these genes into wheat and
analysing changes in dough quality. At present, in the
laboratory of the authors, is realizing the experiments of
transformation in wheats of low quality, by means of the
introduction of some of the units of the gene Glu-RI,
which have been characterized in the present work. These
experiments might offer some account on the reasons for
the low quality of wheat cultivars carrying the rye/wheat
substitutions 1R(1A), 1R(IB) and IR(1D). Also they
might be of utility to evaluate comparatively the use of
rye glutenin genes to mutate native HMW subunit genes
in order to increase cysteine number.

Allelic variation

The allelic variation of HMW glutenin subunits has been
sufficiently documented. With the exception of locus Glu-
Aly, the rest of the glutenin genes have several alleles
(Payne and Lawrence 1983). After the characterisation of
locus Glu-R1 (De Bustos et al. 2001a), the aim of this
work was to analyse new material for testing allelic
variation and therefore help clarify this genetic system.
As shown in Table 1, some clones have the same size,
giving the impression that they could be the same allele.
A closer look reveals some differences in the x-type.
Thus, clones belonging to cultivars ‘Petkus’ and ‘Smith’,
ssp. ancestrale and ssp. segetale have the same number of
amino acids, but only the x-type clones of ‘Petkus’ and
ssp. segetale have identical sequences. These clones code
for peptides with amino-acid substitutions (from 2 to 5)
with respect to cv ‘Smith’ and ssp. ancestrale (Fig. 2a).
Moreover, these differences are due only to single base
substitution (data not shown). Since the normal manner of
allelic variation in glutenin genes is a change in the
number of tri-, hexa- and nona-peptides (Halford et al.



1987) these clones may represent the same allele. A
protein of expected molecular weight was seen in samples
when SDS separation techniques were used (Fig. 4). This
is also the case of the allele found in the addition line 1R
and S. cereale ssp. afghanicum, where only 5 out of 811
residues (0.6%) were different. Sequences found in wheat
lines ‘7841’ (De Bustos et al. 2001a) and ‘S-149’ showed
strong similarity. The main difference between them is
the presence of two stop codons in ‘S-149’. The first stop
codon is sited 1,387 bases downstream from the ATG
codon. Thus, this allele codes for a protein of 462
residues. This is similar to the early finding of two stop
codons in the coding region of the null allele of the Glu-
Al gene (De Bustos et al. 2000). Also, a silent allele has
been recently identified in Aegilops cylindrica (Wan et al.
2002), representing the null allele of the Glu-DIx gene,
due to a single base change resulting in a stop codon.
Bearing these precedents in mind, it is proposed that the
allele found in ‘S-149” might represent the null allele of
the Glu-IR gene. The other two clones found in cv
‘Imperial’ and in the wild ssp. dighoricum showed
differences in the number of repeats of tri-, hexa- and
nona-peptides, and consequently represent two new
alleles of this gene. On the basis of everything indicated,
six different alleles of the x-type of the Glu-R1 locus were
characterised.

Variation in the y-type clones was also observed
(Table 1). Seven out of ten sequences analysed, including
those of ‘7841’ (De Bustos et al. 2001a), showed the same
number of amino acids: 713. Only a few single changes in
amino-acid residues (maximum of seven) were detected
between the sequences analysed in the rye-wheat substi-
tution lines ‘7841° and ‘S-149’, the rye cultivars ‘Impe-
rial’ and ‘Petkus’, and the wild subspecies dighoricum
and segetale. No differences were detected between the
predicted proteins of ssp. dighoricum and ssp. segetale. A
sequence was also found with the same size in the wild
ssp. ancestrale. Nevertheless, changes in hexapeptide
motifs were detected, so this sequence probably repre-
sents another allele of the y-type gene subunit. In the
same way, the clone found in the rye cultivar ‘Smith’
would represent an allele almost identical to those of
ancestrale, with the minor variation of the absence of a
hexapeptide motif. Finally, the clone found in ssp.
afghanicum represents the allele most separated from
the rest of the alleles found at this locus.

The y-type sequence cloned from addition line IR
differs widely from the other rye y-type genes (Fig. 2b).
For this line, no amplification was obtained when the
Dy10 allele primers were used. Two new pairs of primers
were designed based on the new y-type sequences
obtained in this work. After cloning the amplification
products obtained with these primers, an exhaustive
search was performed that finally led to the finding of a
single clone belonging to the y-type included in the study.
Nevertheless, a more detailed look at this sequence
revealed differences with respect to other rye y-type
genes. Finally, alignment of protein sequences including
wheat glutenins determined the relationship of this clone
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Fig. 5 The phylogenetic tree drawn from the alignment of the
deduced amino-acid sequences of glutenin clones obtained from the
material analysed and other published sequences of HMW
glutenins of wheat. Hordeum vulgare was taken as an outgroup

with the Glu-Bly9 allele of wheat (Fig. 5). Sequence
comparison (data not shown) clearly revealed their strong
similarity. Nevertheless, the sequence from the IR rye-
wheat addition was 45 nucleotides longer than the Glu-
B1y9 allele, due to the insertion of a hexapeptide and a
nona-peptide motif. This result demonstrates the close
relationship between the wheat and rye glutenin genes,
such that even when using primers based on the rye y-type
a wheat y-type subunit was obtained. The amplification
product obtained in the addition line might be the
sequence belonging to the Glu-Bly9 subunit present in
the wheat ‘Chinese Spring’ used to obtain this line
(Driscoll and Sears 1971). This type of difference was
recently noticed by sequencing different alleles of the
same glutenin genes in wheat. Thus, Halford et al. (1987)
detected differences between the Glu-Blx7 allele of the
cultivar ‘Cheyenne’ and that already published for
‘Chinese Spring’ (Thompson et al. 1983). Differences
were also found in the present work with respect to the
sequences of the coding region of the allele Glu-DIx5 of
‘Cheyenne’ (Anderson et al. 1989) and ‘Hope’ (unpub-
lished).

The inability to amplify and characterize the sequence
of y-type Glu-RI glutenin subunitsin IR of ‘Imperial’ in
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the rye-wheat addition line has two explanations. The first
depends on the capacity of PCR to specifically amplify
the correct sequence, which in turn depends on the
conditions needed for the annealing of the designed
primers. Secondly, the sequences may have been altered
by the presence of retrotransposons that prevent any
amplification by PCR, as occurs with the Glu-Aly subunit
in wheat (Harberd et al. 1987).

The alleles of the rye glutenin genes Glu-R1x and Glu-
RIy seem to present more variability that their corre-
sponding orthologs in wheat. Assuming that changes in
the number of tri-, hexa- and nona-peptides are the only
mechanism responsible for allelic variation in glutenin
subunits, then five x-type and four y-type alleles were
isolated. This means that G/u RI has more variation than
that detected so far in wheat. This result could be related
to the allogamous breeding system of S. cereale (Allard
1975; Hammer 1990). It is known that the allogamous
species show greater variation than autogamous species
(Brown 1979). Also, as observed in Fig. 5, orthologous
genes from loci Glu-Al, Glu-Bl, Glu-DI and Glu-RI (x-
versus x-types, and y- versus y-types) are more closely
related than paralogous genes (x- versus y-types). This
supports the idea that both types of gene were duplicated
before the speciation process of the Triticeae. Anderson et
al. (2002) came to the same conclusion in a recent work in
which the sequences of the flanking regions of HMW
glutenin genes were analysed comparatively.
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