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Abstract The visco-elastic properties of bread flour are
firmly associated with the presence or absence of certain
HMW subunits coded by the Glu-1 genes. Identifying
alelic specific molecular markers (AS-PCR) associated
with the presence of Glu-1 genes can serve as a valuable
tool for the selection of useful genotypes. This paper
reports the use of primers designed from nucleotide
sequences of the Glu-D1 gene of wheat (AS-PCR for
Glu-D1y10) that recognise and amplify homologous se-
guences of the Glu-R1 gene subunits of rye. The primers
amplify the complete coding regions and provided two
products of different size in rye, in wheats carrying the
substitution 1R(1D) and in rye-wheat aneuploid lines
carrying the long arm of chromosome 1R. The location,
the molecular characterisation of these sequences and
their expression during grain ripening seem to demon-
strate that the amplification products correspond to struc-
tural genes encoding the high-molecular-weight (HMW)
glutenins of rye. The homology of the rye gene to sub-
units encoding HMW glutenins in wheat was confirmed
by Southern blots and sequencing. The amplification-
products were cloned, sequenced and characterised, and
the sequences compared with the main glutenin subunits
of whesat and related species. Further, an RT-PCR experi-
ment was performed using primers designed from the se-
guence of both amplified products. This assay demon-
strated that both sequences are expressed in endosperm
during grain ripening. The results of these analyses sug-
gest that both gene subunits correspond to x- and y-type
genes of the Glu-R1 locus of rye.
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Introduction

The Glu-1 genes of wheat have different alleles whose
products can be separated using SDS-PAGE electropho-
resis (Payne et a. 1981). It has been demonstrated that
breadmaking quality is firmly associated with the pres-
ence or absence of certain HMW subunits of the Glu-1
genes (Payne 1987; Odenbach and Mahgoub 1988). The
visco-€elastic properties of bread flour have been associ-
ated with the formation of disulphide bridge-linked
aggregates, owing to the presence of several cysteine
residues in both the N-terminal and C-termina regions
of HMW gluten peptides (Miflin et al. 1983). The influ-
ence of the size and type of glutenin polymers on bak-
ing-flour quality has been studied extensively (Huebner
and Wall 1976; Dachkevitz and Autran 1989).

The chromosomal locations of the structural genes for
secalins in rye were formerly investigated by comparing
the endosperm protein patterns of wheat, rye, and lines
of wheat with added rye chromosomes or chromosome
arms (Lawrence and Shepherd 1981; Singh and Shep-
herd 1984). These studies showed that the structural
genes for HMW secalins (designated Sec-3 and, more
appropriately, Glu-R1) are located on the long arm of
chromosome 1R in rye. Thisis similar to the location of
the orthologous genes for homologous prolamins of bar-
ley and wheat (Shewry et a. 1983).

The molecular characterisation of the Glu-1 loci from
genomic clones of different cultivars has been performed
in wheat by different workers (Forde et al. 1985; Thomp-
son et a. 1985; Anderson and Greene 1989; Halford
et al. 1992). These studies have revealed that all glutenin
genes are organised with a large central region contain-
ing repeated short motifs coding for the same amino
acids, flanked by unique N- and C-terminal domains.
The sequences of each orthologous locus of hexaploid
wheat were analysed comparatively by Anderson and
Greene (1989), who showed them to have similar struc-
tures. The usefulness of PCR-based analysis for distin-
guishing between wheats with different HMW glutenin
subunits has also been demonstrated (D’Ovidio and
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Anderson; 1994; D’'Ovidio et a., 1994, 1995; Varghese
et al. 1996; De Bustos et al. 2000, 2001). More recently,
Van Campehout et al. (2000) designed primer sets from
wheat consensus sequences in order to specifically am-
plify each of the coding regions of the orthologous loci
Em in common wheat. The primers amplified not only
the wheat genes but also those of other Triticeae species,
including rye.

This paper reports the use of primers designed from
nucleotide sequences of the Glu-D1 gene that amplify
orthologous sequences in the rye genome. The primers
were designed making use of the sequences of the allele
Glu-D1y10, and recognised upstream and downstream
flanking positions of the coding regions of the gene. This
work also describes the amplification, isolation, chromo-
somal assignation, cloning, sequencing and characterisa-
tion of the x and y gene subunits of the Glu-R1 locus
of rye, and their specific expression during endosperm
ripening.

Material and methods

Plant material

Analyses were carried out on the following materials: Triticum
aestivum L.: ‘7841 [2n=20"+1R(1D)"] and ‘48-136" (2n=20"+
1BL-1RS") are homogeneous selected lines that belong to a work-
ing collection of wheats derived from crosses involving the culti-
vars ‘Anza (2n=21"), ‘Anza /S-149" [2n=20"+1R(1D)"], ‘Ami-
go' (2n=20"+1AL-1RS") and ‘Glennson 81 (2n=20"+1BL-
1RS"), and the hexaploid triticale ‘GA-250", kindly supplied by
Dr J.P. Gustafson. These lines were formerly used in experiments
examining rye gene expression in awheat background (Bittel et al.
1991, 1992; Rubio et al. 1999). The cultivars ‘Chinese Spring’;
the addition lines of ‘Imperia’ rye chromosomes into ‘Chinese
Spring’, ‘Pané-247', ‘Hope’, ‘Ablaca’ and ‘Bezostaya were also
used as testers in PCR and SDS-PAGE experiments.

Additionally, samples of the following species were also used
as testers in different experiments: Secale cereale L. cv ‘Imperia’
and ‘Petkus'; xTriticosecale Wittmack cv ‘GA-250"; Triticum
monococcum L., Triticum turgidum L.: cv ‘Jerez-137"; Aegilops
squarrosa L.

HMW glutenin analysis

In order to analyse endosperm proteins without interfering with
germination, a piece of the endosperm was removed, making sure
it contained no part of the embryo. This was ground and the pro-
teins extracted as described by Singh and Shepherd (1991). Prola-
mins were analysed using vertical polyacrylamide-gel electropho-
resis (7.5%) in the presence of SDS (SDS-PAGE).

DNA purification and heterologous amplification using primers
designed for AS-PCR markers in wheat

Genomic DNA from wheat was extracted from leaves of single
plants about 4-6 weeks old as described by Sharp et al. (1988).
PCR markers that amplify the complete coding sequence of the
specific alleles of the HMW glutenin genes of wheat have recently
been reported (De Bustos et al. 2000, 2001). A set of AS-PCR mo-
lecular markers that use primers designed from nucleotide se-
quences of the Glu-D1y10 gene amplified two products when
using genomic DNA from the line ‘7841 [2n=20"+1R(1D)"]
(which lacks chromosome 1D). The sequences of the forward and

reverse primers are as follows: forward: 5 CTAACTCGCCGTG-
CACA 3; reverse: 5 AGCTAAGGTGCATGCATG 3'.

PCR amplifications were carried out using a Perkin Elmer 480
thermocycler. Reactions were performed in afinal volume of 25 pl
using 2 units of Tag DNA polymerase (Sigma) and 10xTaq PCR
buffer (Sigma). The quantities of other components in the reaction
mixture were 100200 ng of DNA, 200 u M of each dNTP, and
0.8 M of each primer. The cycling conditions were: one cycle of
2 min at 94°C, 40 cycles of 1 min at 94°C, 40 s at 66°C, 3 min at
72°C and afinal incubation cycle of 10 min at 72°C.

Amplification products were then analysed by electrophoresis
in agarose gels (4.5 V/em for 2-3 h in a TAE buffer) and by stain-
ing with ethidium bromide.

DNA cloning and sequencing

Both bands amplified by PCR using the primers Glu-D1y10 on
template DNA from ‘7841’ were purified from the agarose gels
using the QIAquick Gel Extraction Kit (QIAGEN). Each fragment
was ligated into a Bluescript phagemid vector and used to trans-
form competent cells of Escherichia coli. Three clones per frag-
ment were selected for subcloning and sequencing. Each clone
was further subcloned for nucleotide sequencing using the Erase-
abase kit (Promega). For this purpose, each clone was previously
digested with Kpnl (to protect the primer binding site at the
3 end) and Xhol (to leave a 5' end adjacent to the insert from
which deletions were made), and incubated at 35°C with Exonu-
clease 11, withdrawing 1-pl aliquots at 1-min intervals. This was
followed by S1 nuclease digestion. A series of different subclones
were obtained from each original clone and used for sequencing in
an ABI Prism 377 sequencer (Applied Biosystem). The consensus
sequence was deduced using the Sequence Navigator programme
(Applied Biosystem). Nucleotide sequences were aligned using
the Clustal W 1.5 program (Thompson et al. 1994). Phylogenetic
trees were built using the distance method. The Phylip program
(version 3.5) (Felsenstein 1993) was used to estimate the distance
matrices of the DNADIST program using the two-parameter
method of Kimura (1980).

Southern blotting and hybridisation

Genomic DNA from the wheats ‘7841’ and ‘ Chinese Spring’, the
rye-wheat addition lines, T. monococcum, T. turgidum, Ae. Squar-
rosa, and the rye lines ‘Imperia’ and ‘Petkus was digested
with EcoRI restriction endonuclease and size-fractionated in 1%
agarose gels (Maniatis et a. 1982). Fragments were blotted onto
nylon membranes (Roche). In initial experiments, the clone
UAHP7841-1 was labelled with digoxigenin (Roche) and used as
a probe to hybridise to the genomic DNA. Further, the amplifica-
tion products obtained by using the primer set with genomic DNA
from the same samples were removed from the agarose gels and
blotted onto a nylon membrane. The labelled clones UAHP7841-1
and UAHP7841-2 were used as probes.

RNA extraction and reverse transcriptase polymerase
chain reaction (RT-PCR)

Crude extracts from immature seeds harvested at 10 days after an-
thesis were prepared following De Vries et al. (1988). Poly(A)+
RNA was purified by the use of DNase. Three-hundred nanograms
of poly(A)+ RNA were used to obtain cDNA in an amplification
reaction mixture following the recommendations of the Super-
Script One-Step RT-PCR System by Gibco-BRL. PCR conditions
were: one step at 45°C for 30 min, followed by a cycle at 95°C for
2 min, 35 cycles of 1 min at 94°C, 1 min at 62°C, and 1 min at
72°C. As acontrol, additional reactions were performed using Taq
polymerase to detect the presence of contaminant DNA. Specific
primers were designed to amplify selected regions of 330 bp and
220 bp of the presumptive mRNAs encoded by ‘7841-1" and
‘7841-2" respectively (see Figs. 5 and 6). Samples of 0.8 uM of



Table1 Amino-acid composition of the mature protein coded by
the Glu-R1x and Glu-R1y

Amino acids GluR1-x GluR1-y
Alanine 18 26
Arginine 11 14
Asparagine 7 1
Aspartate 6 5
Cysteine 4 8
Glutamine 250 233
Glycine 154 131
Histidine 5 14
Isoleucine 5 8
Leucine 28 24
Lysine 8 8
Methionine 1 4
Phenylalanine 4 2
Proline 108 79
Serine 39 40
Treonine 30 26
Tryptophan 4 4
Tyrosine 49 33
Valine 10 13
Total 745 692
Mol. Wt 81, 339.97 76, 122.45
Isoel ectric point 5.97 6.26

the following degenerated primers were used: forward: 5 CCA-
ACTTCTC(GC)GCAGCAAC 3'; reverse: 5 CCGC(AG)CTAAC-
ATGG(CT)ATG 3. The PCR products were separated on 1.8%
agarose gels.

Results
Heterologous amplification

In a previous paper the authors reported the use of prim-
ers designed to amplify the complete coding regions of a
series of different alleles (AS-PCR) of the x and y sub-
units of genes Glu-Al and Glu-D1 (De Bustos €t al.
2000, 2001). The study of sequences external to the cod-
ing region of these genes helped resolve difficulties in
designing primers with the capacity to distinguish genes
and aleles of the highly homologous members of the
Glu-1 complex loci of wheat. This difficulty is greater
for the coding sequence than for the flanking regions due
to the existence of repetitive domainsin al HMW glute-
nin genes, and because the N-terminal and C-terminal re-
gions are highly conserved.

Electrophoretic analyses of the PCR reactions per-
formed on the genomic DNA from the line ‘7841’ using
the Glu-D1y10 set of primers, resulted in a clear produc-
tion of two DNA bands designated ‘7841-1' and
‘7841-2" (2,490 bp and 2,331 bp respectively) (Fig. 1).
The same primers amplify a lower molecular weight
product of 2,135 bp in the line ‘48-136" and the wheat
cultivars ‘Hope', ‘Ablaca’ and ‘Bezostaya (which have
the GluD1-y10 alele), but form no visible product with
wheat cultivars that lack this allele (data not shown).
Primers designed to amplify the alternative allele
Glu-D1y12 showed a single product of 2,190 bp in

735

bp Mw
12000

48-136 7841

5000

3000
—_— IT (2490bp)

S 2 (2331bp)

A== 4

1000

Fig. 1 Separation of the amplification products on agarose gels
using the designed Glu-Dy10 primers. From left to right are in-
cluded the molecular-weight markers and the products of amplifi-
cation in the wheat lines ‘48-136" and ‘ 7841’

‘Pané-247' and ‘ Chinese Spring’, but no visible amplifi-
cation products with the line ‘7841 or the cultivars
Hope', ‘Ablaca’ and ‘Bezostaya (results reported in
De Bustos et al. 2000).

Products of the same size as ‘7841-1' and ‘7841-2'
were generated in different rye cultivars. This analysis
demonstrates that all rye lines assayed display the promi-
nent band ‘7841-1'. However, size polymorphism was
shown by ‘7841-1" in different rye cultivars, and poly-
morphism for the presence-absence of ‘7841-2" was
seen in ‘Petkus' As the line ‘7841’ has chromosome 1D
substituted by 1R, and the primers were designed to am-
plify the y subunit of gene Glu-D1 located in the long
arm of 1D, it was presumed that ‘7841-1" and ‘7841-2'
might represent sequences located in 1R, and that these
sequences might be related to the Glu-1 gene family.
This encouraged the undertaking of experiments that
might confirm this idea. The first approach consisted of
direct sequencing starting from the ends of the amplifi-
cation products. For this, each single band was sliced
from the agarose gels, extracted, purified and directly se-
guenced in both directions using the designed primers. In
all cases, direct sequencing of about 350 bases from the
ends of each fragment gave a sequence highly homolo-
gous to that reported by Anderson and Greene (1989) for
HMW glutenin subunits coded for by Glu-1 of wheat.
This seems to confirm that the amplified products are
members of the Glu-1 family.

Cloning and probing the amplified sequences

The next step was to clone the *7841-1" and ‘7841-2’
amplification products. After using the primers with tem-
plate DNA from ‘7841’, the DNA fragments were puri-
fied from the agarose gels. Both sequences were ligated
into the Bluescript phagemid vector and used to trans-
form competent E. coli cells.

The plasmids with the insert were labelled and
assayed by Southern blotting with genomic DNA of
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Fig. 2 a Separation of amplification products on agarose gel
(1.8%) using the designed Glu-D-y10 primers. From left to right
are included the PCR products of disomis and ditelosomic addi-
tion lines of rye chromosomes in ‘Chinese Spring’, the rye culti-
vars ‘Imperial’ and ‘Petkus and the wheat lines ‘7841 and
‘48-136" The band present in ‘48136’ belongs to the amplifica-
tion of Glu-D-y10 allele that is present in this wheat. The products
present in ‘7841, ‘Imperia’, ‘Petkus', and the addition lines of
either 1R or 1RL correspond to the glutenin genes located at 1RL.
b and c show the DNA products of the PCR experiment after blot-
ting on nylon membrane and alternatively hybridised with the
plasmids carrying the inserts ‘ 7841-1' (a) and ‘ 7841-2' (b)

Fig. 3 HMW separation by SDS-PAGE. From letf to right: pat-
terns of several wheats used as testers for different glutenin com-
binations, the line ' 7841’, the wheat lines *Glennson 81', ‘ Anza/
S-149' and ‘Anza and the triticale ‘GA-250". This triticale line
is the donor of the chromosome 1R present in ‘7841'. The
arrows on the right indicate the rye Secale lines corresponding to
the glutenin gene located in 1RL. The main glutenin subunits
have been indicated. The asterisks indicate the glutenin coded by
Glu-B1x7

T. aestivum ‘7841’ and ‘Chinese Spring’, the rye-wheat
addition lines, T. monococcum, T. turgidum and Ae.
squarrosa, and the rye cultivars ‘Imperial’ and * Petkus'.
EcoRI restrictions of total DNA digested from all the
mentioned materials were separated on agarose gels,

Fig. 4 a Separation of specific amplification products on agarose
gels (1.8%) using sets of designed primers (AS-PCR) in genomic
DNA from the following wheats: Glu-A1xNull in ‘Pané 247, Glu-
Alx1 in ‘Hope', Glu-A1x2* in ‘Ablaca, Glu-D1x2 and Glu—
D1y12 in ‘Chinese Spring’, Glu—D1x5 and Glu-D1y10 in ‘Hope'.
The genomic DNA from the line ‘7841 was amplified with the
designed primers Glu-D1y10. b and ¢ show the DNA products of
the PCR experiment after blotting on nylon membrane and alter-
natively hybridised with the plasmids carrying the inserts
‘7841-1" (b) and * 7841-2' (c) labelled with digoxigenin. ‘ 78411’
hybridised preferentially with x-type wheat sequences, and
7841-2" was associated preferentially with y-type sequences

transferred to a membrane, and then probed with
‘7841-1' and ‘7841-2'. The probes hybridised to differ-
ent fragments of all the genomic DNA samples used,
owing to the partial homology of the cloned sequences to
the sequences of the glutenin gene family present in al
the plant genomes.

In order to assign the amplified sequences to specif-
ic chromosomes, genomic DNA from ‘ Chinese Spring’,
an aneuploid stock of addition lines of ‘Imperia’ in
a ‘Chinese Spring’ background, as well as the rye
testers were amplified using the designed Glu-D-y10
primers. The rye cultivars and addition lines in which
the long arm 1RL was present amplified one or both
products ‘7841-1" and ‘7841-2', showing polymor-
phism for the presence-absence of ‘7841-2" (Fig. 2a).
The products of amplification were transferred to a
membrane and alternatively probed with the plasmids
carrying the inserts * 7841-1" and * 78412’ (Fig. 2b and
c). As expected, hybridisation of the labelled probes
identified both amplified products of the rye cultivars
and the aneuploid lines of ‘Chinese Spring’ with the
chromosome arm 1RL, but were absent in Southern
profiles of ‘Chinese Spring’ and all the other aneuploid
lines.



5 -85
ARG G GG EICAGACAACCATGGTCCTGAACC TTCACCTCOTCCCIRINNMAGCCCATCCAACCTTCACAATTTCATCATCACCC ~50

ACAACACCA. A

ATTCACTGACAGTCAATCGAGA! 36

GOGTOCCEACAGATCGTGGACCAGCAGCTCCEAGACACTAGCCCTGGGTOCCGCCCCGTAGCCETCAGCCCAGGCACGEGACAACAR 210
A CRQTIVDOQQELRDTSPGCRPVYVAVSEPEPGTGOQQ
GAGCAGCAAACCGTGGTGCCGCTCAAGGGCGGATCCTTCTACCCCGACGAGACCAGCCCACCACAGCAACTCGAACARAGAATACTT 297
EQQTVV?PLZXGGSTFJTY®PDETSTPZPOQOQLET QR RTITL
TGGGGAATACCTACACTACTAAAAAGGTATTACCCAAGTGTAACTTCTCCACATCAAGGGTCATACTATCCAGGCCARACCTCTCTG 384

Q Q P G Q A Q QP G Q G Q QP G Q A Q QPG HGOQQOQS G Q
GGGCAACAACCAGAAAAAGGACAACAAGGGTAC TACCCAACTACTCCGCAACAGCCAGGACAAGGGCAACAACCGGGACAAGGGCAA
G 0 QPEKGOQO®QGYJYUPTTZPOQOQPGOQGOQQ®PG QG Q
CCAGGGTACTACCTAACTTCTTCGCAGCAGCCAGGACAAGGACAACAACCAGGACAAGGACAACCAGGGTACTACCCAACTTCTTCG 645
PG Y Y LTS S Q P G QG QQFPGQGQPGYYUPTS S
CAGCAGTTAGGACAAGGGCAACAGCTAGGACAAGGGCAACAAGG TCAGCAGCCAGGACAAGGACAACCAGGGTACTACCCAACTTCT
Q 0L G QG Q Q0L G QG QQGQQPGQG QPG Y Y P TS
CCGCAGCAGCCAGGACAAGGGCAGCAGCCAGGACAAGGACAGCATCCAGGACAAGGGCAACAAGGTCAGCAGCCAGGACAAGGGCAA
P Q Q P 6 Q G Q Q P G Q G Q HP G Q G Q0 @ G Q P G Q@ G Q
CAAGGTCAGCAGCCAGGACAAGGGCAACAACCAGGAGAAGGACAACAAGGGTACTACCCAACTTTTCCGCAACAGCCAGGACAAGTA 906
9 G Q2 QP G QG Q QP GEGQOGYYPTFUPOQOQPGOQV

CAGCAGCCAGGACAAGGGCAACAACCGGGACAAGGGCAACCAGGGTACTACCCAACTTCACCGCAGCAGCCAGGACAAGGGTAGCAG 993
Q QP GQGQQPGQGOQPGYYT®PTS S P o @

CCAGGACAAGAACAACAGCCAGGACAAAGGCAACAACCAGGACAAGGGAAACCAGGGTACTACCCAACTTCTCCACAGCAGTCAGGA 1080
P GQEQQPG QR Q PG QG KPGYJYPTSZPOQOQS G

CAAGGGCAATCAGGGTACTACCCAACTTCTCCGCAGCAGCCAGGACAAGGGCAGCAGCCAGGACAAGGGCAACAAGTTCAGCAGCCA 1167
Q G Q § G Y Y P T S P Q QP G Q G Q QP G Q G Q Q V Q QP

GGACAAGGGCAACAACCAGGACAAGGACAACAAGGGTACTACCCAACTTCTCCGCAACAGTCAGGACAAGCGCAACAGCCAGGACAA 1254
G QG Q0 QP GQGQQGY Y PTSPOQOQS G QAQGOQTPGQ

TGGCAACAACCGGGACAAGGGCAATCAGGGTAC TACCCAACTTCTCAGCAGCAGCCAGGACAAGGGCAGCAGCCAGGACAAGGACAG 1341
W Qo QPG QG QS G Y Y PTSQQQPGOQGQQPGOQG Q

CAGCCAGGACAAGGACAGCAGCCAGGACAAGGGCAACAAGGTCAGCAGCCAGGACAAGGGCAACAAGCAGGACAAGGACAACAAGGE 1428

P TS POQOQPGQGQQTGQGOQOQPGQGQ QG Q QP
mmmcumcmmmssrmcmccmcwcrccmcmms@mscmcucwm 1689
Q G Q QP G Q G Q G Y Y PTSPQQPGOQG o pr G
CAACTAGAGTACTACCCAACTTCTCCGCAGCAGCCAGGACAAGGGCAACCAGGGTACTACCCAACTTTTCCGCAGCTGCCAGGGCAA 1776
Q LEYYPTSPOQQEPOGOQGQZPRGYJYFPTTFTPOQLTP?GOQ

TTGCAACAACCAGCACAAGGGCAACAAGGGTACTACICCAACTTCTCCGCAGCAGOCAGGACAAGGGCAACAAAAGTACTACCCAACT 1863
L QQPAQGQQGYJYPTSPOQOOQPGQGOQQQKTYYTZPT
TCTCCGCAGCAACCAGGACAATGGCAACAACCAGGACAAGGGCAACAAGGATACTACATAACT TCCCCACAGCAGTCAGGACAAGGG 1950
5§ P Q QP G QW Q QP G QG Q QG Y Y I TSP QOQOS G QG
CAACAGCCAGGACAAGGGCAACAGCCAGGACAAGGGCAAGAAGGGTACTACCCAACT TTAGGGCAACAACCAGGACAATGGCTGCAA 2037
Q QP G QG Q QPG QG QE GY Y PTULG QO QPG QWL Q
ATAGGACAAGGGCAACA CCAACTTCTCCACAGC. AAGGGCAACAAGGGTACTACCTGACTTCTCCACAG 2124
G Y Y P TS PQQLGQGQ QG Y YLTSSZPQ
CAGCCGGGACAAGGGAAACAGCCAGGACAAGGGCARCAGAGC TACGACAGCCICATACCATGTTA daccacca AGC 2221
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ATCGCCCTCGTGGCTCT GGCAACTAC Ci TTGAG 123
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TCTCAGCAGCAGCCAGGACAAGGGCAACAAGGGCACTACCCGGCTTCTCTGCAACAGCCAGGACAAGGGCAACAAGGGCATTACCCA 645
S 0 Q Q PG QG Q QG HY P ASILQQPG QG Q QG H Y P
GCTTCTCTACAGCAACCAGGACAAGGCCAACAAACAGAACAGCCAGGACARATGCAACAACCAGGACAAGGGCAACAAATAGGACAA 732
A S L QQFPGOQGO QQTTETG QPG QMOQOQPGOQGQQTIGaQQ
GGGCAACAACCAGGACAAGGGCAACAAATAGGACAAGGACAACAAATACGACAAGGGCAACAACCAGGACAAGGGCAACAAGGATAC 819
Q PG QG QQIGOGQQIRCOQGQOQPG QG QG Y
TATCAMCT@TCM@GCWMCCAG@CMGGGCAA@AGGGTACTACCCAACTTCTCCGCAAQ\GCCA 206
Y OT HPOQOPGOQG Q PG QG QOQG Y YPTSZPOQGQP
GGACAAGGGCAACAAGGGCACTACCCAGGTTCTCTGCGGCAGCCAGGACAAGGACAGCCAGGACAAAGGCAACAACCAGGACARGGG 993
G Q G Q0 QG HY PGS LROQPGOGOTPGORU OQOQZPGQG
CAACAAACAGGACAAGGACAACAGCCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTCTCCACAGCAG 1080
Q T G QG QQPEQEQQPGQGQQGYYPTSPQOQ
CCCGGACAAGGGCAACAA AC. AGGGCAACAACCGCAC 1167
P G Q G Q QPG QG Q QG Y Y P T S L Q Q P G Q@ G Q
TACCCAGCTTCTCAGCAGCAGCCAGGACAAGGGCAACAAGGGCACTACCCAACTTCTT! AGGGCAACAAGGG 1254
Y P A S Q Q QP G QG QQGHYPTSTULILOQUPGI QGO QQQ G
CACTACCCAGCTTCTTCGCTGCAGCCAGGACAAGGGCAACAAGGGCATTACCCAGCTTCTC TGCAGCAGCCAGGACAAGGGCAACAA 1341
HY PASSLOQPGO OGO QGHTYZPASTLOQOQTPGOQGEQOQ
ACAGARCAACCAGGACAAGGGCAACAACCAGCACAAGAGCAACAATCAGGACAAGGGCAACAAGGGCACTACCCAACTTCTCTACAA 1428
TEQPGQGOQQPAQEGQQSGQGOQQGHY®PTSTLQ

CAGCCAGGACAAGGACAGC GGCAACAACCAGGACAAGGGCAACAAATAGGACAAGGGCAACAAC 1515
Q P G QG Q P G Q R Q P G QG QQIGOQGOQSQZPEQE
CAACCAGGACAAGGGCAACCAGGGCATTACCCAGCTTCTGTGCAGCAGCCAGGACAAGGGCAACAAAC TGAACARACA( 1602

Q P G Q G Q PG HY P A SV QQPGOQG6 Q0 QQTE-IQTGOG
CAACAGCCAGGACAAGGGCAACAGCCAGAACAAGAGCAACAACCAGGACAAGGGCAACAAGGGTACTATATAACTTCTCTGCAGCAG 1689
0 QPG QG QOQPEOQEU QOQPGQGOQOQGYYTITSTLOQGCQ
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Fig. 5 The nucleotide sequences of the coding regions and de-
duced amino acids of the rye glutenins coded by Glu-R1x (left)
and Glu-R1y (right). The dark grey boxes indicate the sites of the
primers used to amplify both sequences. The black box signals the
position of the TATA box. The clear grey box correspondes to the
signal peptide. Arrows at the end of the sequences indicate the po-
sition of the designed primers used to perform the RT-PCR experi-
ment to detect expression of both genes in the endosperm. The se-
quences have been deposited in the EMBL GenBank and DDBJ
under accession numbers AF216868 and AF216869

Glutenin nature of the * 7841-1" and ‘' 7841-2" sequences

Electrophoretic analyses of HMW glutenins were per-
formed using the selected line ‘7841, their original
parentals and other wheat varieties, to identify the gene
markers coding for the HMW glutenins. The wheat
‘7841’ showed a distinctive profile different to that from
the remaining wheats of known HMW composition.
Moreover, ‘7841’ presented the same profile as ‘Anza/
S-149 and triticale ‘GA-250" which is the putative
donor of the 1R chromosome present in this line
(Fig. 3).

The next approach consisted of demonstrating the
relationship of the amplified products ‘7841-1" and
‘7841-2" with specific sequences coding for the HMW
glutenins of wheat. The plasmids containing each frag-
ment were used as probes in Southern experiments to
test homology with the PCR products obtained using
specific primers previously reported as AS-PCR (De
Bustos et al. 2000, 2001) which amplify the alleles
xNull, x1 and x2* (Glu-Al), x2, x5, y1l0 and yl12

KATSPKVAKAQQPVAQLPTM
TTGTCGGCTAGCCAGTCATAGAACTCTCTGCAGCTTGCATGGTGGT TGAGKATEATGEACE:
L S A S Qg * *

M E G G D T

(Glu-D1). Samples of genomic DNA of different
wheats with different allelic combinations were ampli-
fied with each specific set of primers (AS-PCR). The
amplification products were separated on agarose gels
and transferred to a membrane for hybridisation with the
labelled probes ‘7841-1' and ‘7841-2' (Fig. 4a). The
long sequence ‘7841-1" hybridised preferentially with
x-type wheat sequences, while the short sequence
‘7841-2' was associated preferentially with y-type se-
guences (Fig. 4b and c).

Sequence analysis

Three clones for each amplification product of ‘7841-1"
and ‘7841-2" were used in subcloning and sequencing.
The consensus sequence of the three isolates for each
amplification product of ‘7841-1' and ‘7841-2" was
considered. The complete nucleotide sequence and the
deduced amino-acid sequence of the coding region of
each subunit are shown in Fig. 5, and have been deposit-
ed in the EMBL GenBank and DDBJ under accession
numbers AF216868 and AF216869. Comparison with
amino-acid sequences in GenBank revealed that the pro-
teins coded by ‘7841-1' and ‘7841-2" are homologous
to a group of glutenin genes of wheat and related
SpECies.

The coding region of both subunits lacks introns
and show the same general structure as other Glu-1 se-
guences previously investigated (Anderson and Greene
1989). Both sequences contain TATAAAA between 85
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and 91 bases upstream of the ATG starting codon. This
agrees, both in position and sequence, with the expecta-
tions of a‘TATA’ box in prolamin genes. The nucleotide
sequence of the ‘7841-1" fragment is 2,490-bp long. It
contains an open reading frame of 2,304-bp that starts at
nucleotide 139 and encodes a foreseeable polypeptide of
766 amino acids. The fragment ‘ 7841-2" is 2331 bp long
and contains an open reading frame of 2145 bp that starts
at nucleotide 139, and encodes a peptide of 713 amino
acids. These results suggest that * 7841-1" sequences cor-
respond to an x-glutenin and ‘ 7841-2' to ay-glutenin.

The coding sequence of the mature polypeptide is
similar to that of other HMW glutenins of wheat in that
it can be divided into a number of distinct segments on
the basis of amino-acid composition. The sequences of
‘7841-1' and ‘7841-2' also resemble the Glu-1 genesin
that they have a tripartite structure, consisting of a non-
repetitive N-terminal region, an extensive repetitive cen-
tral region, and a non-repetitive C-terminal region. The
coding regions of ‘7841-1" and ‘7841-2' have an N-ter-
minal non-repetitive domain of 87 and 105 residues re-
spectively. Both sequences start with a 21-residue signal
peptide (1...63 bp from the initiator codon) at the N-ter-
minal end of the encoded protein (MAKRLVLFAAV-
VVALVALTVA and MAKRLVLAGIVVIALVALTA A).
This peptide is amost identical to the signal peptide
found in all the corresponding gene subunits encoding
glutenins in wheat. The mature protein consists of 745
and 692 residues for * 7841-1" and ‘' 7841-2’ respectively.
The N-terminal non-repetitive domain is followed by a
repetitive domain of 634 residues in ‘7841-1', and 557
in ‘7841-2' (Table 1). The sequences encoded by
‘7841-1" and ‘' 7841-2' reveal the presence of tandem and
interspersed repeats based on different type of tripeptides
(YYR PGQ, GQQ, PQQ), hexapeptides (PGQGQQ,
GYYPAS, GYYPTS), a nonapeptide (PGQGQQPGQ)
and a dodecapeptide (PGGPGQGQQPGQ) motif. The
structure of this region and the type of repeats are similar
to those found in the proteins encoded by the Glu-1 genes
of wheat. The repeats make up 76% of the total mature
proteins. Finally, there is a second, non-repetitive domain
at the C-terminal end that has 45 residuesin * 78411’ and
51 in '7841-2'. The C-termina sequence ASQ, found in
both rye subunits, is the same as the C-terminal regions
found in almost all reported HMW glutenins.

Figure 6 shows the alignment of the amino acid se-
guences encoded by the ‘7841-1" and ‘' 7841-2' rye sub-

Fig. 6 Comparison of the deduced amino acid sequences for
‘7841-1" and ‘7841-2' and nine glutenin sequences from Glu-Al,
Glu-B1, Glu-D1 of wheat, Ae. squarrosa and H. vulgare (EMBL
accessions D82941, M22209, X03041, X03042, X03346, X12928,
X12929, X13927, X13928, X61009.1, X61026) that have been
aligned for maximal homology using the Clustal W 1.5 program.
The grey boxes at the N-terminal region indicate the sequence of
the signal peptide. The cysteine residues have also been boxed.
Target sequences near the C-terminal region of ‘7841-1" and
‘7841-2" depict amino acids encompassed by forward and reverse
primers used in the survey of the mRNA synthesis during grain
ripening (regions between arrowsin Fig. 5)
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Fig. 7 Phylogenetic tree of amino acid sequences obtained from
comparisons and alignment of the 11 Glu-1 sequences using the
Phylip program (version 3.5)

units with those of nine previously published HMW glu-
tenin genes of wheat, Aegilops squarrosa and Hordeum
vulgare. The amino-acid sequence of the mature proteins
of subunits ‘7841-1" and ‘7841-2" were compared. The
analysis is presented as a dendrogram (Fig. 7) showing
that ‘7841-1" and ‘7841-2' are resectively related to
those of the x and y of other HMW genes.

The peptide encoded by ‘7841-1' contains more es-
sential amino acids than the HMW glutenins encoded by
Glu-Alx, Glu-B1x and Glu-D1x of wheat (data available
in the NCBI Genbank). The peptide encoded by
‘7841-2' contains similar levels of essential amino acids
to that of the y-type subunits of the genes Glu-B1 and
Glu-D1 of wheat. Both peptides have at least the same
number of cysteine residues as the equivalent peptides of
wheat. Thus, ‘7841-1" has three cysteine residues in the
N-terminal non-repetitive domain, and one in the C-ter-
minal domain. Interestingly, ‘ 7841-2" has eight cysteine
residues, five in the N-terminal domain, one near the end
of the repetitive region, and two in the C-terminal non-
repetitive domain.

RT-PCR to assess the expression
of MRNA corresponding to the sequences * 7841-1’
and ' 7841-2" in endosperm

A final experiment was performed to assess the expres-
sion of the x- and y-type glutenin subunits encoded by
‘7841-1" and ‘7841-2" in the line ‘7841'. Different sets
of primers were designed using information on the nu-
cleotide sequences of ‘7841-1" and ‘7841-2' to amplify
the mRNA presumably expressed during grain ripening.
The RT-PCR reactions were performed using a common
set of primers designed to amplify DNA fragments of
different size for the x- and y- subunits located near the
end of the non-repetitive C-terminal coding region (ar-
rowed in Fig. 5). Electrophoretic analyses of the RT-PCR
reactions from the common wheat line ‘7841’ and testers
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Fig. 8 RT-PCR anadysis of Glu-R1x and Glu-R1ly in ‘7841 and
‘48-136". RT-PCR reactions were carried out on reverse tran-
scribed mRNA samples from grain endosperm during ripening
(10 days after anthesis), and a control sample using Tag polymer-
ase to detect the presence of contaminant DNA

gave the expected results (Fig. 8). The RT-PCR includ-
ing the extracts of m-RNA of ‘7841 in the presence of
reverse transcriptase and Taq polymerase showed bands
of cDNA of about 330 bp and 220 bp in agarose gels.
The size of these products corresponded to those of the
selected regions of the *7841-1" and 7841-2' nucleotide
sequences. No amplification products were observed in
control PCR reactions after treating the endosperm ex-
tracts with DNase in the absence of reverse transcriptase
and the presence of Taq polymerase. A control reaction
was aso performed using genomic DNA from line
‘7841 in the presence of Taq polymerase. This reaction
gave amplification products of the same size as those ob-
tained from cDNA. Other RT-PCRs using m-RNA ex-
tracts from lines lacking the 1RL chromosome arm
showed no amplification products of the expected sizes
in the corresponding reactions (data not shown).

Discussion

DNA sequences of the Glu-1 genes have indicated that
the non-coding 5'- and 3'-flanks of glutenin genes are
highly conserved up to 280 bp upstream of the TATA
box and 140 bp downstream from the polyadenylation
signal (Forde et a. 1985; Sugiyama et al. 1985). The
primers that amplify the allele Glu-D1y10 in wheat, and
also in the rye locus described in this paper, correspond-
ed to these regions. Primer designs and cycling condi-
tions are critical for directing the amplification of specif-
ic sequences. Those variations residing at the 3'-terminal
position of the primer are critical for annealing and am-
plifying the sequences present in any and all analogous
gene subunits. In fact, the forward primer designed to
amplify the wheat gene shows complete homology with
the corresponding region of both —x and —y rye glutenin
subunits, but has some minor variations with respect to
al the remaining genes and aleles of the complex Glu-1
family of wheat. The main differences are point changes
(deletions, insertions and/or substitutions of at least two
bases).

The aignment of the sequences ‘7841-1" and
‘7841-2" with 11 known wheat Glu-1 sequences re-
vealed inter-sequence relationships. This analysis dem-
onstrates that ‘7841-1" belongs to the x-type group of
gene subunits, whereas ‘7841-2" belongs to the y-type.
Accordingly, the designations Glu-R1x and Glu-Rly for
‘7841-1" and ‘7841-2' are proposed. Further, the Glu-1
x-type subfamily splits into two subgroups (Glu-Alx +
Glu-D1x, and Glu-B1x), with ‘7841-1" proximal to Glu-
Blx, and ‘7841-2' proxima to y subunits of Glu-B1,
Glu-D1 and Ae. squarrosa. The Glu-R1 subunits seems
to group more-closely to the corresponding Glu-B1 sub-
units than to subunits of the orthologous genes of the A
and D genomes. The differences between the homoeo-
logous genomes of wheat, as based on the biochemical
and structural characteristics of the glutenins, have been
previously discussed by Anderson and Greene (1989)
These authors observed that the central repetitive region
of the gene subunit encoded by Glu-B1 is significantly
different to the homoeologous regions of the A and D
genomes, which may indicate a more distant ancestry.
By comparing sequences of homoeologous (=ortholog-
ous) glutenin genes from all four genomes, the present
results suggest that R is more-closely related to the B
genomethanto A or D.

It has been demonstrated that the HMW glutenins
have an important role in determining the visco-elastic
properties of wheat gluten (Tatham et al. 1984). Two
structural features are responsible for the differences in
the contribution of glutenins to breadmaking quality:
secondary structure and the number of terminally located
cysteine residues (Tatham et al. 1984; Halford et al.
1987). The secondary structure predicted for the mature
proteins encoded by the x- and y- subunits of rye are no-
tably similar to those of the main glutenins of wheat. In
fact, the predicted structure shows the turns of the helix
to depend on specific, short sequences of amino acids
that appear conserved in both species.

The comparative analysis of the x- and y-type sub-
units of the Glu-R1 gene here described demonstrates
there to be the same number of cysteine residuesin Glu-
R1x as in the homologous gene subunits of wheat (four
residues in Glu-R1x, Glu-Alx1, Glu-Al1x2*, Glu-B1x7,
Glu-B1x17 and Glu-D1x2). However, up to three extra
cysteine residues have been observed in Glu-Rly with
respect to the related alleles of wheat (four residues in
Glu-D1y12; seven residuesin Glu-D1y10, and eight resi-
dues in Glu-R1ly). This property, plus the increased
charge density shown by both of the sequences could be
of interest in the formation of a complex glutenin matrix.
Reconstitution studies, in which purified HMW rye glu-
tenins were added to wheat doughs, have demonstrated a
negative effect of these proteins on dough strength and
this effect has been considered as due to a higher fre-
guency of cysteine residues (Kipp et al. 1996; Graybosch
et a. 1999). This could interrupt the correct formation of
the large glutenin polymers necessary for strong doughs.
Previous studies on the quality effects of rye chromo-
some 1R transferred to wheat have demonstrated that



genes on 1RL reduced grain weight, grain hardiness,
mixograph time, mixograph tolerance and SDS sedimen-
tation volumes (Graybosch et al. 1999). However, 1RL
had no effect on flour yield or grain and flour protein
concentrations, and the negative effects might also be re-
lated with unidentified genes on 1RL. It has been previ-
ously evidenced that in attempting to optimise grain
quality for breeding purposes consideration must be
given not only to the HMW-glutenin composition, but
also to the presence of other genes in chromosome 1R
and to many other biochemical traits which have a direct
or indirect influence on technological quality (Bedo et al.
1999). Characterisation of the quality effects of HMW
rye glutenins in different genotypic wheat backgrounds
is now approachable using appropriate promotors in
transforming plasmids. The more glutenin genes there
are available to be used in experiments of transforma-
tion, the more precisely it will be possible to improve
dough quality in transgenic forms, depending on the in-
teractions of the other families of storage proteins.
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