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Abstract Wheat quality depends on protein composition
and grain protein content. High molecular weight glutenin
subunits (HMW-GS) play an important role in determining
the viscoelastic properties of gluten. In an attempt to
improve the bread-making quality of hexaploid wheat by
elaborating novel HMW-GS combinations, a fragment of
wheat chromosome 1D containing the Glu-D1 locus encod-
ing the Dx2+Dy12 subunits was translocated to the long
arm of chromosome 1A using the ph1b mutation. The par-
tially isohomoeoallelic line selected was characterized
using cytogenetical and molecular approaches to assess the
amount of chromatin introgressed in the translocated 1A
chromosome. Triple-target genomic in situ hybridization
indicated that the translocated 1A chromosome had a termi-
nal 1D segment representing 25% of the length of the
recombinant long arm. The translocation was also identiWed
on the long arm using molecular markers, and its length
was estimated with a minimum of 91 cM. Proteome analy-
sis was performed on total endosperm proteins. Out of the
152 major spots detected, 9 spots were up-regulated and 4
spots were down-regulated. Most of these proteins were

identiWed as �-, �-, �-gliadins assigned to the chromosomes
of homoeologous groups 1 and 6. Quantitative variations in
the HMW-GS were only observed in subunit Dy12 in
response to duplication of the Glu-D1 locus.

Introduction

The bread-making quality of hexaploid wheat has been
largely attributed to quality and to the amounts of storage
proteins, glutenins and gliadins. The high molecular weight
glutenin subunits (HMW-GS), encoded at Glu-1 loci (Singh
and Shepherd 1988a), and the low molecular weight glute-
nin subunits (LMW-GS), encoded at Glu-3 loci (Singh and
Shepherd 1988b) are essential for the viscoelastic proper-
ties of glutens and thus the quality of bread prepared with
wheat Xour. Much attention has also been focused on the
quality of Xour tightly linked to allelic variation of the Glu-1
loci. Selection indices for quality evaluation in wheat
breeding have been established for each HMW-GS in the
additive context of codominant Glu-1 alleles (Payne 1987;
Branlard et al. 1992). Following these studies, the HMW-
GS Dx5+Dy10 encoded by the Glu-D1d allele were associ-
ated with good bread-making quality and increased dough
strength, while subunits Dx2+Dy12 encoded by the
GluD1a allele were associated with poor bread-making
quality. However, subunits Dx2+Dy12 were associated to
dough extensibility and higher loaf volume when Xour pro-
tein content was above 13%.

To improve the baking quality of bread wheat, Rogers
et al. (1990) studied the dosage eVects of chromosomes of
homoeologous groups 1 and 6 on bread-making quality in
hexaploid wheat. They suggested that the duplication of
Glu-D1 genes carried by the long arm of 1D could be bene-
Wcial for the quality of bread wheat. Conversely, deletion of
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Glu-A1 genes on the long arm of 1A would be expected to
provide some beneWt. Thus, replacement of Glu-A1 by Glu-
D1, while retaining the copy on 1D could lead to improve-
ment. So far, this goal has not been achieved in bread
wheat. But, Rogers’ proposal was used for durum and triti-
cale breeding. In hexaploid triticale, Lukaszewski and
Curtis (1992, 1994) translocated a chromosomal segment of
wheat chromosome 1DL containing the Glu-D1d allele
encoding the HMW-GS Dx5+Dy10 subunits, to the long
arm of chromosome 1R and to the long arm of chromosome
1A. The translocated wheat chromosome was then intro-
duced into durum wheat (Blanco et al. 2001) and was eval-
uated by cytogenetics and molecular approaches (Blanco
et al. 2002). The mapping data indicated that the 1AL seg-
ment was substituted by a 1DL segment with a minimal
length of 72 cM, and that the translocation breakpoint was
located near the 1A centromeric region. The physical data
obtained by genomic in situ hybridization (GISH) showed
that the terminal 1DL segment represented about 35–40%
of the recombinant arm length. In durum wheat, Vitellozzi
et al. (1997) reported the transfer of a chromosomal seg-
ment of the 1DL containing the Glu-D1d allele onto the 1A
chromosome long arm of a tetraploid derivative by means
of induced homoeologous recombination in backcross
progeny derived from bread wheat £ durum wheat cross.
Recently, Xu et al. (2005) reported the molecular cytoge-
netic characterization and storage protein analysis of two
durum wheat lines obtained by Joppa et al. (1998) in which,
a distal 1DL translocation carrying Glu-D1d replaced the
distal region of 1AL.

Dosage eVect could be obtained when the same gene is
transferred onto homoeologous chromosomes. Of particular
interest would be the development of a genotype having the
same Glu-1 gene on each of the group 1 chromosomes with
alleles of complementary eVects designated as an iso-
homoeoallelic line. An intermediate stage in their develop-
ment is the extraction of partially isohomoeoallelic
genotypes, in which, one Glu-1 loci is carried by two group
1 chromosomes. The present paper describes the cytoge-
netic, molecular and storage protein characterization of a
partially isohomoeoallelic line with the transfer of the locus
Glu-D1a encoding HMW-GS Dx2+Dy12 from chromo-
some 1D onto chromosome 1A.

Materials and methods

Plant material

Experiments were performed with the cultivar Courtot that
is a French semi-dwarf winter bread wheat of good bread-
making quality. Courtot line monosomic for 1A and Courtot
ph1b were obtained from INRA (Denis et al. 1982).

Monosomic 1A plants were Wrst retained based on their
chromosome numbers determined by root tip counting
(2n = 41) and secondly based on their meiotic behavior
[expected 20 bivalents + 1 univalent in most pollen meiotic
cells (PMCs)]. The line Courtot ph1b is the intervarietal
substitution line Courtot (Chinese Spring ph1b 5B),
Chinese Spring ph1b being a mutant line of Chinese Spring
for the gene Ph1 (Sears 1977).

Development of wheat lines with a translocated 
chromosome carrying Glu-D1 genes

A Courtot line monosomic for 1A was crossed as female to
Courtot ph1b (Fig. 1). The monosomic F1 was backcrossed
to Courtot ph1b. BC1 plants monosomic for 1A and homo-
zygous ph1bph1b were selfed and the search for recombi-
nant plants was performed by analyzing the HMW glutenin
proWle of the progenies. The monosomic 1A condition of
F1 and BC1 plants was checked by crossing them with Chi-
nese Spring double ditelosomic 1A then by examining the
meiotic pairing in the hybrids with 2n = 40 + 2t. The homo-
zygosity for ph1b of BC1 plants was checked using a
molecular marker developed by Gill and Gill (1996).

Courtot has the HMW glutenin proWle Ax2*, Bx7+By8,
Dx2+Dy12 encoded at Glu-A1, Glu-B1 and Glu-D1 respec-
tively. Expected recombinants with the proWle ¡,
Bx7+By8, Dx2+Dy12 were searched for in the selfed prog-
eny of ph1bph1b monosomic 1A BC1 plants (Fig. 2). In
order to identify each recombinant line, proteins were
extracted from a single half seed using the sequential pro-
cedure of Singh et al. (1991). The storage proteins were
separated by 1D sodium dodecyl sulphate gel electrophore-
sis (SDS-PAGE). In a few cases, the protocol of Laemmli
(1970) modiWed by Payne et al. (1979) was used to
improve the separation of the HMW-GS subunits Ax2* and
Dx2.

Detected recombinant plants were backcrossed three
times to Courtot monosomic 1A and, at each BC genera-
tion, the meiosis of the monosomic plants was examined
allowing selection of the most meiotically regular plant
within each progeny. In the selfed progeny of the third
backcross with Courtot monosomic 1A, disomic plants
were selected, meiotically analyzed, and crossed to Courtot
monosomic 1A to evaluate pairing between the translocated
1A and a normal 1D. The disomic plants of the recombi-
nant line RR240 were crossed to Chinese Spring ditelo-
somic line 1AL to evaluate the interstitial or terminal nature
of the introgressed segment.

Cytogenetic methods

Mitotic and meiotic chromosome preparations were made
using standard techniques.
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Genomic in situ hybridization

Chromosomal preparation and Genomic in situ hybridiza-
tion (GISH) were carried out as described in Tanguy et al.
(2005) with a few modiWcations. Total genomic DNAs
from T. urartu Tum ex Gand (A-genome) and Ae. tauschii
Coss (D-genome) were used as probes. DNAs were labeled
by nick translation with biotin-16-dUTP (Invitrogen Life
Technologies) and digoxigenin-11-dUTP (Roche Diagnos-
tics, Mannheim, Germany) respectively. Total genomic
DNA isolated from Ae. speltoides Tausch (S-genome), the
most likely donor of the genome B, was autoclaved to give
fragments of 100–300 bp and used as a block. A series of
test assessments determined the amount of blocking DNA
that was required to discriminate between the three
genomes. Optimum results were obtained with a ratio of
1:2:24 for A genome probe, D genome probe, and blocking
DNA in the hybridization mixture. Biotinylated probes
were immunodetected by Texas-red conjugated with avidin

antibodies (Vector Laboratories, Burlingame, CA) and
digoxigenin-labeled probes were detected with anti-digoxi-
genin antibody conjugated with FITC (Roche Diagnostics).
The chromosomes were mounted and counterstained in
Vectashield (Vector Laboratories) containing 2.5 �g/mL
4�,6-diamidino-2-phenylindole (DAPI). Fluorescence
images were captured using a CoolSnap HQ camera
(Photometrics, Tucson, Arizona) on an Axioplan 2 micro-
scope (Zeiss, Oberkochen, Germany) and analyzed using
MetaVue™ (Universal Imaging Corporation, Downington,
PA).

Microsatellite analysis

DNA was extracted from leaves using the method
described by Doyle and Doyle (1990). Microsatellite mark-
ers mapped in homoeologous group 1 chromosomes were
ampliWed by polymerase chain reaction (PCR) following
the protocol described in Röder et al. (1998) and Pestsova
et al. (2000) for Gaterleben wheat microsatellites (gwm and
gdm microsatellites), Sourdille et al. (2004) for the cfa, cfd,
and wmc microsatellites and Cregan and Song (http://
www.scabusa.org) for barc microsatellites. Based on the
reference maps (Röder et al. 1998; Somers et al. 2004;
Sourdille et al. 2004, and theirs updated genetic maps in the

Fig. 1 Breeding procedure to achieve homoeologous recombination
between chromosome 1A and chromosomes 1B and 1D, and to select
stable disomic recombinant lines in the wheat cv. Courtot

Courtot monosomic 1A  Courtot ph1b
2* 7-8 2-12 2*
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Fig. 2 SDS-PAGE separation of glutenins extracted from the recom-
binant RR240 line and Courtot. The arrow indicates HMW-GS Ax2*
encoded by Glu-A1 absent in the RR240 line (lane b) and present in
Courtot (lane a). Numbers indicate HMW-GS controlled by the
Glu-A1 (2*), Glu-B1 (7 + 8) and Glu-D1 (2 + 12)
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web site Graingenes http://wheat.pw.usda.gov/ggpages/
SSRclub/GeneticPhysical/groupe1v2.xls), microsatellite
markers were selected based on their relative positions
along chromosomes 1A and 1D. Fifteen microsatellite loci
used in the molecular analysis were Xgdm33, Xgwm136,
Xcfa2153, Xgwm33, Xcfd15, Xgwm164, Xgwm497,
Xwmc59, Xbarc158, Xbarc17, Xbarc145, Xcfa2219,
Xgwm357, Xgwm135, Xgwm99 mapping on chromosome
1A, and twelve microsatellite loci Xgdm60, Xbarc99,
Xcfd59, Xcfd65, Xgwm458, Xcfd19, Xwmc36, Xgdm126,
Xgwm642, Xgwm232, Xgdm111, Xbarc62 on the chromo-
some arm 1DL. The Courtot nullisomic lines for chromo-
somes 1A and 1D were used as positive controls to conWrm
microsatellite loci assignment. AmpliWed PCR products
were separated on 6% polyacrylamide non-denaturing gels
or 5% agarose gels and visualized by ethidium bromide
staining.

Proteome analysis

The protocol of two-dimensional (2-D) gel electrophoresis
(pH 3–10) was performed as described in Dumur et al.
(2004) to reveal the seed storage proteins, glutenins and gli-
adins. Protein patterns were analyzed using Melanie 3 soft-
ware (Genebio, Geneva, Switzerland). The volume and
volume percentage of each spot was used in statistical anal-
yses using Statgraphics 5.5 software with a statistical sig-
niWcance level of p < 0.05 and p < 0.01. Spots that diVered
between the six replicates of the RR240 line and the six
replicates of Courtot were identiWed by statistical analysis.
The percentage of variation, calculated for each spot that
diVered, was expressed as a percentage of the volume of the
same spot in Courtot.

IdentiWcation of endosperm proteins

In order to identify a large number of gliadins and LMW-
GS, speciWc extractions were performed with two diVerent
methods. Using the A-PAGE method (Branlard et al.
1990), the numerous �-, �-, �- and �-gliadin bands were
clearly identiWed as was their locus assignment on the chro-
mosomes of homoeologous groups 1 and 6. By means of
sequential extraction of endosperm protein, it was possible
to isolate the LWS-GS fraction and to identify spots corre-
sponding to known alleles using 1-D SDS-PAGE. The
identiWcation of proteins obtained with the two methods
was conWrmed by mass spectrometer analyses as described
by Dumur et al. 2004.

Quality test

Both Courtot and RR240 lines were tested for quality trait.
The Zeleny sedimentation test (AFNOR NF V03-704)

modiWed by Branlard et al. (1991) was assessed on white
Xour (Brabender Quadrumat Senior mill).

Results

The glutenin proWles of 288 plants of the selfed progenies
of ph1bph1b monosomic 1A plants were analyzed: 231
plants had a Ax2*, Bx7+By8, Dx2+Dy12 proWle similar to
that of the parental line cv. Courtot and were eliminated, 36
plants had a ¡, Bx7+By8, Dx2+Dy12 proWle (Fig. 2) and
21 others had diVerent modiWed proWles, the alterations
concerned bands Bx7+By8 and Dx2+Dy12 including one
plant with a Ax2*, Bx7+By8, ¡ proWle, 12 plants with a
Ax2*, ¡, Dx2+Dy12 proWle, 7 plants with a faint Ax2*,
Bx7+By8, Dx2+Dy12 proWle, one plant with a faint Ax2*,
Bx7+By8, ¡ proWle.

The 36 plants without Glu-A1 encoded HMW-GS were
grown. Their chromosome numbers varied between 39 + t
(t = telocentric) and 42. Four of them died and six had no
progenies either by selWng or by backcrossing to Courtot
mono1A. In the BC1, BC2 and BC3 generations, selection
was based on the vigor and fertility of the plants, their glu-
tenin proWles, and their meiotic behavior. It was assumed
that if the chromosomal segment introduced into 1A was
short, the hemizygous translocated chromosome would
behave more or less like a normal 1A, i.e. it would be sys-
tematic univalent at MI of meiosis. At each backcrossing
generation, the non-germ portion of each half-seed was
screened for storage proteins by SDS-PAGE, and the
absence of the Ax2* glutenin subunit was checked. In
BC3, 15 lines remained. Disomic recombinant plants were
selected in the selfed F2BC3 progenies. If two or more
disomic plants were obtained in a progeny, the one pre-
senting the most regular meiotic pairing was kept. Further
analysis started with the line RR240. The latter with a ¡,
Bx7+By8, Dx2+Dy12 glutenin proWle was chosen based
on agronomical and technological properties (data not
shown).

Visualization of chromosome 1A in the RR240 
line using GISH

Genomic in situ hybridization was performed to determine
the genomic origin and the physical size of the introgressed
segment in the translocated 1A. The chromosomes of the A
genome were visualized as red, B genome chromosomes
were blue and D genome chromosomes were green (Fig. 3).
Two translocations were detected: the Wrst corresponding to
the intergenomic translocation 4AL/7BS (Naranjo et al.
1987), present in both durum and bread wheats, and the
second translocation where a D-genome segment was intro-
duced into the long arm of an A-genome chromosome pair.
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Based on the measurement, its length was about 25% of the
long arm of the translocated chromosome.

At this stage, given the glutenin proWle (Fig. 2) and the
GISH phenotype of RR240 (Fig. 3), we postulated that a
1D-segment carrying Glu-D1 had replaced its homoeolo-
gous counterpart on chromosome 1A and hence that the
glutenin phenotype of RR240 could not be due to a dele-
tion. To demonstrate that this result was indisputable, we
decided to introduce the 1A chromosome of RR240 into the
durum wheat cv. Joyau that has the glutenin proWle
¡ Bx6+By8. In the F2 of the cross RR240 £ Joyau, three
plants with the band Dx2+Dy12 in their glutenin proWle
were selected. Two of them had 29 chromosomes and the
third one had 30 chromosomes. The three plants were back-
crossed to the cv. Joyau. Among the BC1 progeny, 28 chro-
mosomes plants with the subunits Dx2+Dy12 (1A) and
Bx6+By8 (1B) (or heterozygous Bx6+By8/Bx7+By8) were
selected. Their meiotic pairing was regular: most PMCs
displayed 14 bivalents at MI of meiosis and in 20% of
them, all the 14 bivalents were rings.

Molecular characterization of translocated chromosome 1A

The above results showed that Dx2+Dy12 subunits-carry-
ing 1D chromosomal segment replaced the physical 25%
distal part of 1AL. However, the resolution level of GISH
has some limitations at 10 cM in conWgurations with termi-
nal translocated segments (Lukaszewski et al. 2005). The
amount of chromatin introgressed in the translocated bread
wheat line was consequently also evaluated using molecu-
lar approaches. In the Wrst step, a total of 15 microsatellite

markers genetically mapped on chromosome 1A were used
in a presence/absence strategy (Fig. 4). One microsatellite
primer that ampliWes a locus on chromosome arm 1AL
(Xgwm99) did not generate any PCR products in the RR240
line. The 14 other microsatellite primers located on the
chromosome arms 1AS (Xgdm33, Xgwm136, Xcfa2153,
Xgwm33, Xcfd15) and 1AL (Xgwm164, Xgwm497,
Xwmc59, Xbarc158, Xbarc17, Xbarc145, Xcfa2219,
Xgwm357, Xgwm135) ampliWed loci in the translocated line
and in Courtot, which was used as positive control. Based
on the molecular analysis, the translocation breakpoint on
the chromosome 1A would be located between Xgwm135
and Xgwm99. Röder et al. (1998) showed that Glu-A1 locus
lies to the Xgwm135, thus the length of the translocation
containing the removed Glu-A1 locus in the long arm was
estimated at least 60–120 cM according to the consensus
genetic maps of Somers et al. (2004) and Röder et al.
(1998), respectively, in Graingenes. In the second step, 12
microsatellite loci genetically mapped around the Glu-D1
locus on chromosome arm 1DL were tested. Six of them

Fig. 3 Mitotic metaphase of the recombinant bread wheat line RR240
after in situ hybridization. Total genomic DNAs from T. urartu (A-
genome) and Ae. squarrosa (D-genome) were used as probes and the
total genomic DNA isolated from Ae. speltoides (S-genome) was used
as a block. A genome chromosomes are red (biotin-labeled DNA) and
D genome chromosomes are green (digoxigenin-labeled DNA). The
length of the chromosomal segment introduced into 1A from 1D (indi-
cated by arrows) is about 25 % of the 1AS.1AL-1DL chromosome.
Bar 10 �m

Fig. 4 Physical map of 1AS.1AL-1DL chromosome of the RR240
line. Relative positions of the wheat microsatellite markers are
deduced from the genetic-physical maps of Courtot £ Chinese Spring
(Sourdille et al. 2004) and Synthetic £ Opata (Röder et al. 1998;
Sourdille et al. 2004). The microsatellite markers transferred into the
translocated 1A chromosome from 1DL are shown as green block. The
deletion bins are placed on the left
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(Xwmc36, Xgdm126, Xgwm642, Xgwm232, Xgdm111,
Xbarc62) were ampliWed in the durum material derived
from RR240 then indicating the presence of a translocation
from 1D (Fig. 4). Based on the position of Xcfd19, we esti-
mated the length of the translocated segment between 91
and 180 cM according to the same reference maps as
above. Finally, evidence was obtained that Glu-D1-carry-
ing 1D chromatin had been translocated to chromosome 1A
and the latter was therefore designated as 1AS.1AL-1DL.

Meiotic pairing of the translocated 1A chromosome

Since chromosome 1A (1AS.1AL-1DL) of RR240 con-
tained a signiWcant amount of 1D chromatin in distal posi-
tion, it was postulated that it could pair with 1D. The
meiotic pairing in BC3 F1 monosomic plants was not regu-
lar. In 48% of 94 PMCs, 20 bivalents + 1 univalent or
rarely 19 bivalents + 3 univalents were observed. In the
remaining 52% of PMCs, an open trivalent likely resulting
from pairing between 1AS.1AL-1DL and the two 1D chro-
mosomes was observed. In euploid RR240 plants, only biv-
alents and occasionally univalents were observed in 93% of
a total of 150 PMCs. In the remaining cells, a multivalent
(quadrivalent or rarely a trivalent) was observed.

1A-1D chromosome pairing in RR240 was conWrmed by
meiotic analysis of four hybrid plants between RR240 and
Chinese Spring ditelosomic line for the long arm of chro-
mosome 1A. One hundred and twenty PMCs were ana-
lyzed. The chromosome arm 1AL as a telocentric
chromosome paired with 1A in 5% of PMCs in the hybrid
RR240 £ CS ditelosomic 1A. In the control hybrids
between Courtot and CS ditelosomic 1AL, 1AL paired at
frequency of 96%.

Proteome analysis of the RR240 line

Total endosperm proteins were extracted from mature
wheat grains, then separated by 2-DE and made visible by
Coomassie Blue staining. The 2-DE gels of the Courtot
parental line revealed approximately 152 highly reproduc-
ible spots whose relative molecular masses ranged from 15
to 110 kDa with a pI of between 3 and 10 (Fig. 5). Changes
in the composition of the endosperm protein induced by the
translocated 1AS.1AL-1DL chromosome were investigated
by comparing the protein pattern of the recombinant RR240
line to the pattern of the Courtot reference line.

Wheat polypeptides whose percentage volume varied in
the recombinant line are shown in Table 1. Both quantita-
tive and qualitative variations were observed. Out of the
152 major spots detected in the parental line cv. Courtot
used as a reference pattern, 9 spots were up-regulated and 4
were down-regulated in the RR240 line. Most of the pro-
teins that varied were identiWed as �-, �-, and �-gliadins

assigned to the chromosomes of homoeologous groups 1
and 6. No �-gliadin displayed quantitative variations.

HMW-GS encoded in Courtot were Ax2*, Bx7 and By8,
Dx2 and Dy12 located at the loci Glu-A1, Glu-B1 and Glu-
D1, respectively. Each of these subunits was split into sev-
eral spots, for example three for subunit Bx7 or two for
subunit Dy12, and identiWed as isoforms of the same pro-
tein (Islam et al. 2002) arising from post-translational
modiWcations (Holt et al. 1981). Comparison of quantitative
variations in response to translocation revealed that only
the amount of subunit Dy12 was increased (between 140
and 200% for the two isoform spots). This quantitative
variation, which can be explained by the duplication of the
Glu-D1 locus, was the only variation observed in the D
genome. Two spots corresponding to the location of the
removed subunit Ax2* also disappeared (Fig. 5).

The Zeleny sedimentation test performed on white Xour
indicated that the RR240 line duplicated for the Glu-D1a
locus had higher sedimentation values (51 ml) than the
parental line Courtot (37 ml) although any signiWcant
diVerence was found in grain protein content (data not
shown).

Discussion

Bread wheat genotypes with a higher dosage of genes have
mainly been produced through duplication or triplication of
a chromosome pair, in nullisomic–tetrasomic combinations
for example. In the literature, no example of increased copy
number of a gene of agronomic interest has so far been
reported for wheat with normal chromosome constitution. It
would be very useful to duplicate or triplicate genes with a
quantitative eVect. Here, we have demonstrated the feasi-
bility of transferring the distally located Glu-D1 gene from
chromosome 1D to chromosome 1A.

Sears (1972) and Luo et al. (1996) emphasized that in
alien introgression mediated in the absence of Ph1, it is
preferable to construct plants in which the alien chromo-
some and the wheat chromosome targeted for homoeolo-
gous recombination are monosomes. In our experiment, the
situation resembled that of an alien introduction even
though the alien chromosome was a wheat homoeologue. If
Sears’ strategy had been fully adopted, recombinants would
have been expected in the progenies of double monosomics
1A-1D, homozygous ph1bph1b. The advantage over our
procedure would be that, in addition to a possibly higher
number of recombinants, reciprocal recombinants would
probably also be obtained. The main disadvantage would be
that it is far more diYcult to produce a ph1bph1b double
monosomic than a ph1bph1b monosomic. Our results dem-
onstrated that from ph1bph1b mono1A, it was at least pos-
sible to obtain 1A recombinants. Taking diVerent
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parameters into account, we thus consider that the strategy
chosen for the production of isohomoeoallelic lines was
acceptable.

The GISH technique allowed one 1D segment to be visu-
alized that represented approximately 25% of the long arm
of 1AS.1AL-1DL. The introduction of the translocated
chromosome 1AS.1AL-1DL into durum wheat enabled us
to demonstrate that it did carry the Glu-D1a locus. Later,
molecular marker analyses conWrmed that through homo-
eologous recombination, the distal 1DL chromatin was
transferred to 1A and the translocation breakpoint lies
between Xgwm135 and Glu-A1 locus on 1AL. Xu et al
(2005) reported the development of similar 1AL-1DL
translocation lines of durum wheat. In their material, a 1DL
segment spans approximately 31% of the long arm of the
translocated chromosome 1AS.1AL-1DL and the break-
point was determined to be distal to Xgwm357 and proximal

to Xgwm135. That last result corroborates that the length of
the translocated segment of RR240 was found shorter
through its visualization using GISH.

The genetic length of the 1D translocated segment in
RR240 was estimated, according to the updated consensus
genetic maps of Somers et al. (2004) and Röder et al.
(1998) between 91 and 180 cM, respectively. Discrepancies
between the Wgures are due to the fact that position of
markers depends on the density in molecular markers, the
crosses and the analysed population size. According to the
updated genetic maps in Graingenes, the Glu-D1 and Glu-
A1 loci are positioned 147 and 129 cM, respectively, from
the distal ends of 1DL and 1AL. These distances corre-
spond to 80 and 87% of the genetic maps of 1DL and 1AL.
The translocated 1DL segment into the chromosome
1AS.1AL-1DL represents 25% of the physical length of
1AL-1DL. As chromosome arm 1DL is about 30% shorter

Fig. 5 a IPG £ SDS-PAGE of 
endosperm proteins of Courtot 
using 3–10 immobilized gradi-
ent strips. Proteins were Coo-
massie Blue stained. Expended 
windows highlight diVerences 
between Courtot and RR240 for 
(b) region where some Ax-type 
HMW-GS were located and re-
moved in the translocated line
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than 1AL (Gill et al. 1991), the 1AL-removed segment
should represent between 30 and 35% of 1AL under the
hypothesis the translocation is genetically balanced. That
would mean that 30–35% distal portion of 1AL correspond
to 87% of the genetic length. In the in situ comparative
mapping of Glu-1 loci in Triticum and Hordeum, Cabrera
et al. (2002) mapped physically the Glu-A1 and Glu-D1
loci at the same relative position from the centromere
0.76 § 0.01 in bread wheat. This latter result is in agree-
ment with our GISH observation (Fig. 3) and with the phys-
ical BIN location of the markers from 1D into 1A
chromosome. Our observations conWrm other studies show-
ing that recombination frequency increased exponentially
with the proximity towards the telomere (Kota et al. 1993;
Lukaszewski and Curtis 1993; Lukaszewski 1995).

Meiotic analysis of hybrids between RR240 and CS
ditelosomic for 1AL corroborated our conclusions based on
molecular data for the presence of the 1D chromatin on
long arm of chromosome 1A. Pairing between 1AL and
1AS.1AL.1DL was drastically reduced. The amount of
translocated 1D chromatin resulted in occasional pairing
between 1AS.1AL.1DL and 1D chromosomes in RR240
since a quadrivalent or trivalent was observed in 7% of its
PMCs. Meiotic pairing between 1A and 1AS.1AL-1DL in
the derived durum wheat line was found higher to that
between 1AL and 1AS.1AL-1DL in bread wheat. There is
no reason to believe that the diVerence might be due to
homoeologous pairing occurring between the 1D-translo-
cated segment and 1AL. Our explanation was the observed
diVerence should be due to a higher ability to initiate synapsis

that leads to pairing between the 1AL portion shared by the
complete 1A and the recombinant chromosome.

Our objective was to select isohomoeoallelic or partially
isohomoeoallelic lines with regular meiotic pairing, i.e.
without pairing between 1D and 1AS.1AL.1DL that could
result in lower fertility. In the present case, this requires to
reduce the translocated segment. As Glu-D1 is located in its
proximal part, reduction should concern the distal part. We
plan to achieve that goal in durum wheat. The ph1c muta-
tion is being introduced in the durum line with Dx2+Dy12.
Selection of the desired line will be made using GISH and
the six markers in the vicinity of the Glu-D1. When pro-
duced, the novel 1AS.1AL-1DL chromosome will be rein-
troduced in bread wheat. As in wheat and related species,
pairing and crossover events are concentrated in small dis-
tal regions of chromosomes (Jones et al. 2002) it therefore
can be expected that pairing between 1D and 1AS.1AL-
1DL will not occur.

Mature wheat-grain endosperm proteome

In the present study, the proteomic approach used to ana-
lyze the composition of endosperm protein in mature wheat
grains provided extensive information on modiWcations in
gene expression in response to the transfer of the Glu-D1
locus to chromosome 1A. Statistical analyses showed that a
small number of storage proteins were quantitatively
aVected. Most were assigned to one chromosome of homo-
eologous groups 1 or 6 and more rarely to two diVerent
chromosomes. The majority of spots whose volume

Table 1 Characteristics and 
chromosome assignment of 
wheat polypeptides whose per-
centage volume varied signiW-
cantly between RR240 and 
Courtot

Spot no. IdentiWcation pI Mr (kDa) Chromosome assignation Variation (%)

Up-regulated

11 HMW-GS Dy12 6.6 85 1D 140

12 HMW-GS Dy12 6.7 85 1D 200

49 �-gliadin 6.6 44 1B 225

66 �-gliadin 6.7 43 1A 163

73 �-gliadin 9.0 41 6A or 6B 270

77 �-gliadin 6.8 40 6A or 6B 148

101 �-gliadin 6.7 39 6A 134

110 LMW-GS 6.3 38 1B 115

117 �-gliadin 8.0 37 nd 168

Down-regulated

34 LMW-GS 9.6 46 1B 43

65 �-gliadin 6.6 43 1A 21

92 �-gliadin 6.7 39 6B 49

146 nd 6.5 18 nd 49

Spots that diseappared

1 HMW-GS Ax2* 5.7 103 1A

4 HMW-GS Ax2* 5.8 102 1A
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changed signiWcantly were associated with �-, �- and �-gli-
adins, but never with �-gliadins.

Several studies have highlighted the regulatory eVects of
chromosome 1D on the expression of seed storage protein
genes, and in particular on gliadins encoded on chromo-
some 6A (Bittel et al. 1991) and 1B (Galili et al. 1986). In
these studies, the presence of the whole 1D chromosome
reduced amounts of gliadins but no information was
obtained on the type of gliadins aVected or on the localiza-
tion of regulator genes in the long or short arm. The same
quantitative variations were observed in the group 1 aneu-
ploid lines of the cv. Courtot (Dumur et al. 2004). Endo-
sperm proteins encoded at Gli-2 (�-, �-gliadins) and Gli-1
(�-gliadins) displayed the greatest quantitative variations in
comparison with �-gliadins when one chromosome or a
chromosome pair was removed.

Quantitative variation in the Glu-D1 locus

As revealed by 2-DE patterns in many studies (Holt et al.
1981; Islam et al. 2002), most HMW-GS are split into sev-
eral spots. Quantitative variations in the HMW-GS were
only observed in subunit Dy12 in response to the duplica-
tion of the Glu-D1 locus. Non-signiWcant quantitative varia-
tions were observed in subunits Bx7 and By8 (Glu-B1) and
in duplicated subunit Dx2 (Glu-D1). These results can be
explained by the complexity of regulatory phenomena in
hexaploid wheat such as gene-dosage compensation (Galili
et al. 1986) and the average number of regulatory eVects
found per HMW-GS i.e. an average of 19.8 dosage-sensitive
regulators per gene (Wanous et al. 2003). This may still be
underestimated as one chromosome arm may have several
regulatory loci whose overall eVect is averaged when vary-
ing the dosage of the whole arm. But results of a recent
investigation suggest that there were, for each HMW glute-
nin, on average, 8 chromosomes arms with a up-regulatory
eVect and one with a down-regulatory eVect (Storlie et al.
2009). Some progress has already been made in understand-
ing the regulatory system controlling the transcription of the
HMW glutenin in wheat (Ravel et al. 2006a, b) but the
structural gene-dosage eVects of each chromosome arm on
the expression of HMW glutenin genes are not yet well
understood and the precise quantitative variations of each
subunit have not yet been fully explained.

In the case of the partially isohomoeoallelic RR240 line,
the chromosomal segment introduced into 1A from 1D rep-
resented physically 25% of the long arm. The absence of
quantitative variations for the duplicated subunit Dx2 could
be explained by the loss of the positive regulatory eVects of
1AL on the expression of the Dx2 subunit (Wanous et al.
2003) and its low intrinsic ability to be modiWed in propor-
tion to the response to dosage variation (Bosakova et al.
1998; Dumur et al. 2004).

In bread wheat, Wieser and Zimmermann (2000)
reported in quantitative analysis by reverse phase HPLC
(RP-HPLC) that contents of HMW subunits varied within a
broad range, the proportions of subunits Dx2, Bx7 and
Dy12 being major components and subunits, Ax2* and By8
the minors in Xour. In the proteomic analysis of the refer-
ence line Courtot, the relative amounts of HMW-GS were
of 13, 36 and 51% for subunits encoded at Glu-A1 (Ax2*),
Glu-B1 (Bx7+By8) and Glu-D1 (Dx2+Dy12) loci, respec-
tively (Dumur et al. 2004). No signiWcant statistical varia-
tion was found for the protein content in Xour between both
lines. Substituting the Glu-A1 locus by Glu-D1 should
induce only a small compensation phenomenon by the
duplicated subunit Dy12 known as being the most reactive
subunit in the aneuploid context. Such over-expression of
the subunit Dy12 gives rise to changes in storage protein
composition and consequently to a higher sedimentation
volume in RR240. Such variation indicates a better quality
of storage proteins and oVers a promising eVect on both the
rheological and technological dough properties of RR240.

Concluding remarks

The present work shows that genes from chromosome 1D
can be transferred onto chromosome 1A. It also demonstrates
that chromosome engineering, at least at the level of homo-
eologous group 1, enables the development of novel gene
combinations in bread wheat. It should be stressed that trans-
fers into A and/or B genomes can be exploited for durum and
triticale breeding. Plants that are homozygous for the recom-
binant chromosome displayed normal plant vigor and a mei-
otic pairing that was slightly less regular than in the control
line cv. Courtot. The latter trait could be restored if the distal
part of the 1D translocated segment on 1AL could be
reduced. Complementary research based on both agronomi-
cal and rheological analysis is now needed to better under-
stand the eVect of the increased dosage of the Glu-D1a gene.
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