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Characterisation of mildew resistant wheat-rye
substitution lines and identification of an inverted
chromosome by fluorescent in situ hybridisation
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Seven different mildew resistant wheat lines derived from
crosses between triticale and bread wheat were examined
by molecular cytogenetics and chromosome C-banding in
order to determine their chromosomal composition. Genomic
in situ hybridisation (GISH) showed the presence of rye
germplasm in all the lines and identified three substitution
lines, three double substitution lines and one addition-
substitution line. C-banding identified rye chromosomes 1R
and 4R in the addition-substitution line, rye chromosomes
1R and 6R in two substitution lines and 1R and 2R in the
third line, and rye chromosome 1R in the three substitution
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Introduction
The rye (Secale cereale L.) genome has shown potential for
improvement of bread wheat (Triticum aestivum L.),
where wheat-rye substitutions and translocations have
been and are frequently used in resistance breeding
(Rabinovich, 1998) and the 1B/1R wheat-rye translo-
cation is present in the highest yielding cultivars cur-
rently grown in Europe and Canada (Heslop-Harrison et
al, 1990). A detailed analysis of the introgressed rye
chromatin is essential for practical breeding. Molecular
cytogenetics has proven to be an efficient method to
determine the origin of genomes, chromosomes and par-
ental genomes in hybrids (Schwarzacher et al, 1989). The
advantage of genomic in situ hybridisation (GISH) is the
recognition of all alien chromosome segments contained
in the nucleus and is therefore the method of choice when
interspecific crosses and derived introgressed lines are
analysed to reveal alien chromosomes and translocations
(Murata et al, 1992; Schwarzacher et al, 1992; Mukai et al,
1993; Taketa et al, 1997).

Fluorescent in situ hybridisation (FISH) enables physi-
cal mapping of repetitive DNA sequences to specific
chromosomal sites. In both wheat and rye several such
probes are cloned and can be used for identification of
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lines. Two of the latter lines (7–102 and 7–169) contained a
modified form of the chromosome; fluorescent in situ hybrid-
isation (FISH) using five different repetitive DNA-probes
showed a pericentric inversion of 1R in both lines. The
breakpoints of the 1R inversion were between (1) the 5S
rDNA site and the NOR-region on the satellite of the short
arm, and (2) between two AAC(5) sites close to the centro-
mere on the long arm. The role of the rye chromosomes in
the mildew resistance, the utilisation of the inverted 1R and
the significance of the lines in wheat breeding are discussed.
Heredity (2002) 88, 349–355. DOI: 10.1038/sj/hdy/6800051

chromosomes in those genomes and their chromosomes
(Mukai et al, 1993; Castilho and Heslop-Harrison, 1995;
Cuadrado et al, 1995, 2000; Pedersen and Langridge, 1997;
Cuadrado and Schwarzacher, 1998). Physical mapping of
differentially labelled repetitive DNA sequences simul-
taneously in one experiment and in combination with
total genomic DNA (eg Leitch et al, 1991; Mukai et al,
1993; Taketa, 1997) allows introgressed chromosomes or
chromosome segments from alien species to be detected
in wheat lines, identifying the chromosomes involved
and determining the nature and organisation of any chro-
mosome rearrangements.

This study was performed in order to identify and
characterise rye chromosomes that were detected in
mildew resistant wheat lines isolated in offsprings from
triticale × wheat hybrids. GISH, DAPI staining and C-
banding was used to identify rye chromatin in the substi-
tution and addition-substitution lines and FISH with
repetitive probes to identify most wheat chromosomes
and fine mapping the rearrangement detected in an
aberrant chromosome found in two of the lines.

Materials and methods

Plant material
In populations derived from crosses between hexaploid
triticale and bread wheat, lines with a broad mildew
resistance were isolated (Forsström and Merker, 2001).
Briefly, hexaploid winter triticales were crossed and
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backcrossed to mildew susceptible wheat cultivars, and
then selfed. Screening for mildew resistance was per-
formed by using three different mildew isolates. Seven
lines were analysed in the present study: 1–17 in F7 and
7–73, 7–102, 7–169, 7–225, 7–317a and 7–317b in BC1F6

showed resistance to all isolates and all of them were
fully fertile. These lines are maintained in Sweden at the
Department of Crop Science in Alnarp at the Swedish
University of Agricultural Sciences.

C-banding
Chromosome C-banding followed the method described
by Gill et al (1991) and used excised root tips pre-treated
with 0.05% colchicine for 3 h in room temperature fol-
lowed by 24 h in ice water before fixation in 3:1 (v/v)
ethanol:acetic acid.

Preparation of chromosomes for in situ hybridisation
Seed germination and chromosome preparation followed
the technique as described by Schwarzacher et al (1989)
and Schwarzacher and Heslop-Harrison (2000). Seedling
roots were synchronised with 24-h ice treatment before
fixation, the cell wall material was digested with 3%
(w/v) pectinase (Sigma, 450 u/ml), 1.8% (w/v) cellulase
(Calbiochem, 4000 u/g) and 0.2% (w/v) cellulase
(Onozuka RS, 5000 u/g) and chromosome preparations
made on glass slides by squashing in 45% and 60%
acetic acid.

Probes and labelling
The following probes were used in this study: pTa71 con-
tains a 9-kb EcoRI fragment of the repeat unit of 25S-5.8S-
18S rDNA isolated from T. aestivum (Gerlach and Bed-
brock, 1979) and re-cloned in pUC19. The clone was lin-
earised with HindIII before labelling. pTa794 contains a
410 bp BamHI fragment of the 5S rDNA isolated from T.
aestivum (Gerlach and Dyer, 1980). pSc119.2 contains a
120 bp tandem repeated DNA sequence isolated from S.
cereale and subcloned by McIntyre et al (1990). pSc200
contains a 380 bp tandem repeat sequence from S. cereale
cloned in pUC18 (Vershinin et al, 1995). dpTa1 contains
a tandem repeat with a monomeric length of 340 bp iso-
lated from T. aestivum and subcloned by Vershinin et al
(1994). This probe is D-genomic and homologous to pAs1
(Rayburn and Gill, 1986). AAC(5) is a synthetic oligonu-
cleotide sequence (Genosys). Total genomic DNA rye
‘Petkus’ was sheared to 5–8 kb pieces by autoclaving. For
labelling, biotin-16-dUTP and digoxigenin-16-dUTP
(Roche Diagnostics) were incorporated in separate reac-
tions. pTa71 and total genomic rye DNA were labelled
by nick translation. pSc119.2, pSc200, pTa794 and dpTa1
were labelled by PCR using the universal forward and
reverse M13 sequencing primers. AAC(5) was labelled by
random priming (Cuadrado et al, 2000).

In situ hybridisation
Probe mixture, DNA:DNA in situ hybridisation and
detection followed the method described by Schwarz-
acher and Heslop-Harrison (2000). The probe mixture
contained 50% (v/v) formamide, 20% (w/v) dextran sul-
phate, 2 × SSC, 25–100 ng probe, 20 �g of salmon sperm
DNA and 0.3% sodium dodecyl sulfate (SDS), and in
some experiments autoclaved total genomic DNA from
wheat cv. ‘Chinese Spring’ as blocking DNA at 4–
20 × probe concentration. Hybridisation took place over

night at 37°C and the most stringent wash was carried
out with 20% (v/v) formamide and 0.1 × SSC at 42°C.
Hybridisation sites were detected with 2.0 �g/ml strepta-
vidin conjugated to Alexa594 (Molecular Probes) or
3.0 �g/ml streptavidin conjugated to Cy3 (Sigma) and
4 �g/ml antidigoxigenin conjugated to flourescein isothi-
ocyanate (FITC) (Roche Diagnostics). Chromosomes were
counterstained with 0.2 �g/ml DAPI (4′,6-diamidino-2-
phenylindole) diluted in McIlvaines buffer pH7 and
mounted in antifade solution (Citiflour).

Photography and analysis
Photographs of C-banding were taken with Kodak tech-
nical pan black and white film, and in situ hybridisation
with Fujicolor SuperHG400 colour film. Negatives were
scanned to CD-rom by Kodak Digital Science. Colour
figures were prepared using Adobe Photoshop (Adobe
Systems) with only those processing functions that are
equally applied to all pixels of the image.

For each line, 15 metaphases were analysed after
Giemsa C-banding following the karyotypes published
by Sybenga (1983) and Gill et al (1991), 10 metaphases
after DAPI staining and in at least four complete and par-
tial metaphases for each of the genomic rye and repetitive
in situ hybridisation probes. Detailed signal of the deriva-
tive 1R (der1R) was analysed in a total of 50 individual
chromosomes hybridised with various probe combi-
nations and the combined signals superimposed on the
published chromosome morphology of chromosome 1R
(Cuadrado et al, 1995) in Figure 3.

Results
C-banding of the progeny of a cross between a mildew
resistant triticale line and susceptible bread wheat, ident-
ified one addition-substitution line containing rye chro-
mosomes 1R and 4R, three double wheat-rye substitution
lines containing rye chromosomes 1R and 6R (Figure 1a)
or chromosomes 1R and 2R, a wheat-rye substitution line
with the presence of rye chromosome 1R and two wheat-
rye substitution lines with der1R (Figure 1b). GISH
(Table 1 and Figure 2b, f) showed the presence of rye
chromatin in the six investigated lines and FISH with
repetitive probes was used in five of the lines (Table 1
and Figure 2d, g–n), which gave specific information
about the identity of chromosomes and chromosome seg-
ments. The results are summarised in Table 1 and are
briefly described below.

Line 1–17
Line 1–17 was an addition-substitution line (2n = 44) with
the presence of the rye chromosomes 1R and 4R as
detected by C-banding. GISH confirmed the presence of
four rye chromosomes and DAPI-staining the presence
of 1R. This line had small seeds and was relatively weak.

Line 7–73
Line 7–73 was a double substitution line (2n = 42) and the
rye chromosomes 1R and 6R were identified both with
C-banding and DAPI (Figure 2a). The presence of four
rye chromosomes was also detected by GISH (Figure 2b).
The NORs were identified by the probe pTa71 and
revealed the presence of 1R, 1B, 6B, 1A and 5D (Table 1).
The hybridisation pattern with probe pSc119.2 confirmed
the presence of 6R. The probe dpTa1 revealed that the
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Figure 1 C-banded root tip methaphase chromosomes. (a) A
double (1R and 6R) wheat-rye substitution line (2n = 42). (b) A par-
tial methaphase of line 7–102 showing the der1R chromosomes with
unequal arm ratio and a strong C-band on the long arm. Bar
equals 10 �m.

Table 1 Chromosome number and identification of the introgressed rye chromosomes using C-banding and fluorescent in situ hybridisation
with total genomic rye DNA, cloned and synthetic probes

Line C-band Genomic rye pTa71 pTa794 pSc119.2 pSc200 AAC dpTa1 DAP1

1–17 2n = 44 4 chrs – – – – – – 1R
1R, 4R

7–73 2n = 42 4 chrs 1R, 1B, 6B, 1A, – 1R? 6R – – 10 D-chrs 1R, 6R
1R, 6R 5D

7–317a 2n = 42 – – – – – – – –
1R, 2R

7–317b 2n = 42 4 chrs 1R, 1B, 6B, 1A? – 6R – – 12 D-chrs 1R, 6R
1R, 6R 5D?

7–225 2n = 42 2 chrs 1R, 1B, 6B, 1A? – – – – 12 D-chrs 1R
1R 5D?

7–102 2n = 42 2 chrs der 1R, 1B, 6B, der 1R der 1R der 1R der 1R 12 D-chrs der 1R
1R? 1A, 5D 14 B-chrs

7–169 2n = 42 2 chrs der 1R, 1B, 6B, der 1R – der 1R – 12 D-chrs der 1R
1R? 1A, 5D

Heredity

line lacked four D-chromosomes. It is most likely that the
line had the chromosomal composition 1R(1D) and
6R(6D).

Line 7–317a
Line 7–317a was a substitution line (2n = 42) and C-band-
ing revealed the presence of rye chromosomes 1R and 2R
(Table 1). This line was not analysed by in situ hybridis-
ation.

Line 7–317b
Line 7–317b was a substitution line (2n = 42) and C-band-
ing identified the rye chromosomes 1R and 6R, while
GISH showed the presence of four rye chromosomes.
Hence this line (7–317) consisted of two different sub
lines, and the 6R sub line, 7–317b, was studied with FISH.
The probe pTa71 detected the presence of 1R, 1B, 6B, 1A
and 5D. The probe dpTa1 identified the presence of 12
D-genome chromosomes. The rye chromosome 1R had
substituted 1D while 6R had substituted 6A.

Line 7–225
Line 7–225 was a substitution line (2n = 42) and rye chro-
mosome 1R was identified by C-banding and DAPI-stain-
ing (Figure 2c). GISH confirmed the presence of two rye
chromosomes. Probe pTa71 identified six major NORs
and four minor NORs, which indicated the presence of
1R, 1B, 6B and 1A, 5D (Table 1). The D-genome specific
probe dpTa1 showed the presence of 12 D-chromosomes
(Figure 2d). We concluded that 1D was replaced by 1R
in a 1R(1D) substitution.

Line 7–102
This line was a substitution line (2n = 42) as determined
by C-banding (Figure 1b) and DAPI-staining (Figure 2e).
C-banding showed an unusual chromosome pair with
subtelomeric bands and a strong heterochromatic band
1/3 of the way down the long arm (Figure 1b). This latter
band was similar in size with the NOR of the short arm of
the normal 1R (compare Figure 1b with Figure 1a). GISH
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Figure 2 Photomicrographs of DAPI staining and fluorescent in situ hybridisation with total genomic rye DNA and cloned or synthetic
probes to metaphases of mildew resistant wheat lines incorporating rye chromatin. (a, b) Line 7–73 contains rye chromosome pairs 1R and
6R that show subtelomeric bands with DAPI (a) and are labelled strongly with total genomic DNA from rye (b). (c, d) Line 7–225: after
DAPI staining chromosome 1R can be identified by its three heterochromatic bands. Probes pTa71 and dpTa1, both labelled with digoxigenin
and detected with yellow-green fluorescence, identified the larger NOR bands on chromosomes 1R, 1B and 6B (arrows); and 12 D-genome
chromosomes with several small interstitial bands (arrow heads). (e–g) Line 7–102: the same metaphase probed with rye genomic DNA
(red in f and g) and pTa71 (yellow-green in g) and stained with DAPI (blue in e). The der chromosome 1R has a very unequal arm ratio
and is characterised by a large pTa71 site in the long arm. Eight further sites of pTa71 are detected on the wheat chromosomes (arrows
in g). (h) Line 7–102: the probe (AAC)5 hybridises to all B genome chromosomes, chromosome 4A and identifies four significant bands on
der1R. (i–j) Line 7–102: the same der1R chromosome hybridised with pSc200 (yellow in i), (AAC)5 (red in j) and stained with DAPI (blue
in k). The overlay in (l) shows the relation of the probes and DAPI bands. (m) Line 7–102: chromosome der1R probed with pTa71 (yellow)
and (AAC)5 (red) and stained with DAPI (blue). (n) Line 7–102: chromosome der1R probed with pTa71 (yellow) and pSc119.2 (red) and
stained with DAPI (blue). Bar equals 12 �m in a–d and h; 10 �m in e–g and 17.5 �m in i–n.
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unusual chromosome (Figure 2f) and no other translo-
cation either with wheat or rye chromosomes seemed to
have contributed to the rearrangement.

In situ hybridisation with pTa71 confirmed the pres-
ence of the NOR in the intercalary position of the long
arm, identifying the aberrant chromosome as a der1R.
pTa71 also showed the four major and the four minor
NORs of the wheat chromosomes 1B, 6B, 1A and 5D. The
probe dpTa1 determined the presence of 12 D-genome
chromosomes (Table 1) supporting the presence of a
1R(1D) substitution. Probe pSc200 hybridises to both sub-
telomeric regions of 1R (Vershinin et al, 1995) and it
hybridised at the same positions in der1R (Figure 2i).
Similarly, the location of the 5S rDNA as detected with
the probe pTa794 was unaltered at the distal end of the
short arm (Figure 3). The probe pSc119.2 hybridised at
both subterminal regions and at an intercalary position
in both arms of the normal 1R (Cuadrado et al., 1995).
Both subterminal bands and the intercalary band of the
long arm were detected at normal sites in der1R, while
a second intercalary band was found in the long arm,
proximal to the NOR (Figure 2n and 3). The probe AAC(5)

detected paracentromeric sites on both chromosome arms
of the normal 1R, the one of the long arm being slightly
stronger than the one on the short arm, in addition to a
proximal intercalary and a subtelomeric site on the long
arm (Cuadrado and Schwarzacher, 1998). The subtelom-
eric site was located proximally to the pSc119.2 site and
was found in the same position in the der1R chromosome
(Figures 2h–m and 3). The paracentromeric sites were
rearranged, the one on the short arm now being stronger
(eg Figure 2j) and the interstitial site was distally located
relative to the NOR-region.

Line 7–169
This line was a substitution line (2n = 42) as determined
by C-banding (Table 1) containing the aberrant chromo-
some der1R. Line 7–169 seemed to be identical to line 7–

Figure 3 Schematic diagram of normal chromosome 1R and chro-
mosome der1R and proposed breakpoints of the pericentric inver-
sions. Chromosome morphology and band distribution was taken
from Cuadrado et al (1995), Castilho and Heslop-Harrison (1995)
and Cuadrado and Schwarzacher (1998).

Heredity

102 (compare lines 7–102 and 7–169 in Table 1), as far
as the rye chromosomes was concerned, which could be
derived from a single meiotic event.

Chromosome der1R
From interpretation of all the FISH results we concluded
that the der1R is a pericentric inversion with the break-
points (1) between the 5S rDNA and the 45S rDNA site
on the short arm and (2) between the paracentromeric
and proximal interstitial site of AAC(5) on the long arm,
transferring the NOR-region and a pSc119.2 site to the
long arm that now is 75% of the chromosome (Figure 3).
From comparing the overall lengths of the chromosome,
the size of hybridisation signals and distances between
the different sites it is most likely that no 1R chromatin
material was lost during the rearrangement and that no
material from wheat or other rye chromosomes was
incorporated.

Discussion
The present study using C-banding (Figure 1) and FISH
(Figure 2) has shown the disomic presence of rye
chromosomes in all the investigated wheat lines. Rye
chromosome 1R was found in all the lines, as the only
rye chromosome in three lines and together with either
of the rye chromosomes 2R, 4R or 6R in the other lines
(Table 1). Use of repetitive probes to identify most of the
wheat chromosomes allowed us to determine that chro-
mosome 1R replaced chromosome 1D in all investigated
lines, that chromosome 6R replaces 6A in one and 6D
in another line, and that chromosome 4R is present as
an addition.

Rye chromosomes 1, 2, 4 and 6 are known carriers of
mildew resistance (Driscoll and Jensen, 1965; Zeller, 1973;
Lind, 1982; Heun et al, 1990; Friebe et al, 1994) and our
resistant lines are the result of a selection for a broad mil-
dew resistance to three different isolates during the
development of a pre-breeding material from different
sources of the entire rye genome. While chromosome 1R
is regarded as the major contributor (Zeller, 1973), the
involvement in the defence reaction and nature of resist-
ance from the other rye chromosomes remains to be
investigated.

Aberrant forms of chromosomes have not been
reported extensively in wheat alien lines, although they
are probably more commonly occurring than indicated
by documented cases (Taketa et al, 1997). C-banding
could identify the presence of a structural aberrant chro-
mosome, while it was necessary to use detailed and com-
prehensive molecular cytogenetic methods to describe
the aberrant chromosome as a pericentric inversion of rye
chromosome 1R (Figure 3). GISH suggested that the chro-
mosome is composed of rye chromatin (Figure 2g) while
the use of five different repetitive DNA sequences with
distinct distribution patterns on rye chromosomes
(Cuadrado et al, 1995; Cuadrado and Schwarzacher, 1998)
detected the inversion and localised the inversion break-
points on the long and short arm (Figure 3). As the
original 1R and the der1R shared the same number of
hybridisation sites and distances between the sites, albeit
their order being reversed in the middle of the chromo-
some, it is unlikely that material from other rye or wheat
chromosomes is involved in the rearrangement.

The der1R in the lines 7–102 and 7–169 showed the
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same pattern of resistance as found in line 7–225, which
had a normal 1R(1D) and derived from the same popu-
lation, without any obvious effects on the resistance
caused by the inversion. GISH excluded the presence of
rye segments other than 1R in all the three substitution
lines making 1R, normal or derivative, the sole source of
the acquired mildew resistance. The lines with the der1R
are more difficult to maintain in crosses with other lines
carrying 1R and contain no value of increased resistance
over the original wheat cultivar per se. Instead, they could
be used for the development of recombinant wheat-rye
lines. These recombinant lines are particularly desired by
plant breeders to retain useful genes while minimising
the number of deleterious characters from the alien spec-
ies by reducing the size of the incorporated alien chroma-
tin (Koebner et al, 1986). Several strategies have been
developed to induce recombination such as using ionis-
ing radiation, through manipulation of the genetic con-
trol of homoeologous chromosome pairing or generating
secondary recombinants by crosses between two lines
sharing homologous regions of different length (see
Koebner et al, 1986; Islam and Shepherd, 1991; Rogowsky
et al, 1991). In combinations with normal or rearranged
1R, the two lines described here could be used to create
duplications or deletions of certain defined chromosome
regions. Merker and Forsström (2000) described another
structural rearrangement of chromosome 1R and crosses
between such lines could create a diversity of progeny
with duplicated and deleted chromosome segments and
specific genes of 1R transferred to the wheat genome.

Physical and genetical mapping, besides understand-
ing the organisation and evolution of genomes (Heslop-
Harrison, 2000), have substantially increased the poten-
tial to enhance the efficiency of plant breeding. Corre-
lation of physical and genetic maps of markers and genes
can be achieved by in situ hybridisation and identifies
regions of the genome rich in genes and recombination
to be targeted in breeding programmes (Schwarzacher,
1996). In the present study, we showed that FISH was
efficient in describing aberrant chromosomes. Selection of
plant material could therefore be improved by means of
molecular cytogenetic methods and different traits more
accurately traced through the breeding programmes for
the benefit of targeting the goals more exactly in plant
breeding.
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