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Abstract Aegilops umbellulata Zhuk. carries genes at
Glu-Ul loci that code for a pair of high-molecular-weight
glutenin subunits not found in common wheat, Triticum
aestivum. Wheat-Ae. umbellulata recombinant lines were
produced with the aim of transferring genes coding for glu-
tenin subunits from Ae. umbellulata into wheat with min-
imal flanking material. We used fluorescent genomic in
situ hybridization to evaluate the extent of recombination
and to map physically the translocation breakpoints on 11
wheat-Ae. umbellulata recombinant lines. In situ hybrid-
ization was able to identify alien material in wheat and
showed breakpoints not only near the centromeres but also
along chromosome arms. To characterize and identify
chromosomes further. including deletions along the 1U
chromosome. we used simultaneous multiple target in situ
hybridization to localize a tandemly repeated DNA se-
quence (pSc119.2) and the 185-255 and 5§ rRNA genes.
One line contained an Ae. umbellulata telocentric chromo-
some and another two had different terminal deletions.
mostly with some wheat chromosome rearrangements. Al-
though from six independent original crosses, the other
eight lines included only two types of intercalary wheat-
Ae. umbellulata recombination events. Five occurred at the
58 rRNA genes on the short arm of the Ae. umbellulara
chromosome with a distal wheat-origin segment, and three
breakpoints were proximal to the centromere in the long
arm, so most of the long arm was of Ae. umbellulata ori-
gin. The results allow characterization of recombination
events in the context of the karyotype. They also facilitate
the design of crossing programmes to generate lines where
smaller Ae. umbellulata chromosome segments are trans-
ferred to wheat with the potential to improve bread-mak-
ing quality by incorporating novel glutenin subunits with-
out undesirable linked genes.
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Introduction

The yield of hexaploid wheat. Triticum aestivum L. emend
Thell, has been increasing for many years. Today wheat is
the major cereal grown throughout the world and attempts
to widen and improve the gene pool by the introduction of
desirable genes from alien species are well documented
(reviewed in Sharma and Gill 1983; Gale and Miller 1987).
The production of recombinant lines allows novel genes
from related species within the Triticeae to be transferred
to wheat through a programme of crosses coupled with the
manipulation of the homoeologous chromosome pairing-
control system (Riley 1966; Sears 1972, 1976). Using this
approach, several genes which confer resistance to fungal
and viral diseases and to pests have been transferred from
various Aegilops, Agropyron and Secale species into wheat
(for review see Damania 1993). Although conferring re-
sistance to diseases such as wheat stem rust, some of the
recombinant lines produced, particularly the 1BL-1RS
wheat-rye recombinant, have a poor quality dough unsuit-
able for bread-making because other genes have been ex-
changed between wheat and the alien species.

Wheat is widely used for baking bread. and plant breed-
ers are interested in improving the bread-making quality
of this cereal. In the bread-making process, glutenin gives
strength and elasticity to the dough (Bietz and Wall 1973).
The glutenin protein is formed from a heterogeneous com-
plex of polypeptide chains. which can be divided into high-
molecular-weight (HMW) and the low-molecular-weight
(LMW) glutenin subunits (Payne and Corfield 1979). Al-
though the endosperm storage proteins, viz. glutenin and
gliadins, play a vital role in bread-making quality, the
HMW glutenin subunits have proved to be of special im-
portance (Payne et al. 1979; Hamer et al. 1992). Bread-
wheat cultivars possess three to five HMW glutenin sub-



units, two coded by chromosome 1D, one or two coded by
chromosome 1B. and only one or none by chromosome 1A
(Payne et al. 1981; Payne and Lawrence 1983).

The wild relatives of wheat include a large pool of genes
that provide a useful reservoir of variation for the intro-
duction of genes for protein content and quality improve-
ment. Ae. umbellulara Zhuk. (2 n=2x=14) carries a gene(s)
at the locus Glu-1U, on the long arm of chromosome 1U
(homoeologous to wheat group 1), that codes for a very
high-molecular-weight glutenin subunit and which seems
not to be present in any of the bread wheats (Law and Payne
1983). The novel proteins from Ae. umbellulata have been
introduced into wheat by substituting chromosome 1 U for
each of the three group-1 chromosomes (Shepherd 1973;
Chapman et al. 1975). However. each of these substitution
lines reduces yield by about 50% (Law et al. 1984). For
bread-making quality, the SDS-sedimentation test showed
that only chromosome- 1A substitution enhanced the sedi-
mentation volume compared to the reference wheat variety
Chinese Spring (Law et al. 1984). Since chromosome 1U
also reduces yield, it is important to exploit the beneficial
effects of this chromosome on bread-making quality, and
at the same time remove genes leading to reduced yield.

Allosyndetic recombination between chromosome 1U
and wheat chromosomes has been induced to produce
wheat-Ae. umbellulata recombinant lines (Law et al. 1984
Koebner and Shepherd 1987). Islam-Faridi (1988) under-
took a series of crosses in order to transfer the Glu-Ul
gene(s) from Ae. umbellulata into the wheat variety Chi-
nese Spring. The successful transfer of the endosperm pro-
tein gene. Glu-Ul, into wheat was made possible through
induced allosyndetic recombination between chromosome
1U and a group-1 chromosome from wheat and provided
the lines used in the present study. The programme used
wheat lines with the 1U chromosome substituted for either
chromosome 1A, CS 1U(1A).or 1B.CS 1U(1B). The trans-
fer of the genes for the 1U HMW glutenin subunits was
brought about by inducing recombination between the 1U
chromosome and the homoeologous wheat chromosomes
by manipulation of the gene Pkl controlling chromosome
pairing and recombination at meiosis.

In the past, the most commonly used procedures to de-
tect and characterize recombinant lines included meiotic
pairing analysis, gene markers, chromosome C-banding
and protein, isozyme and RFLP analysis. The non-radio-
active in situ hybridization technique has recently proved
to be a powerful and efficient technique for detecting alien
genetic material in wheat (Heslop-Harrison et al. 1988,
1990: Schwarzacher et al. 1992; Jiang and Gill 1994) and,
when used together with the other methods of analysis. al-
lows an accurate characterization of recombinant lines. To-
tal genomic DNA can be used as a molecular probe and is
particularly useful for differentiating closely related spe-
cies and detecting introgressions of chromosomes or chro-
mosome segnents.

Genomic in situ hybridization using alien DNA as one
probe combined with a second probe for the identification
of different chromosomes can lead to accurate character-
ization of the chromosome complement of recombinant
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lines. Tandemly repeated sequences are particularly valu-
able for this propose. In wheat the physical location of the
IRNA genes within the nucleolus organizer regions
(NORs) has been obtained from in situ hybridization ex-
periments (Appels et al. 1980: Hutchinson and Miller
1982); the 185-5.85-255 rRNA genes (185-255 rDNA)
were found on chromosomes 1B, 6B. 5D and 1A. subse-
quently also on the long arm of chromosome 7D (Mukai
etal. 1991). Six pairs of 55 rRNA loci were mapped on the
chromosomes of homoeologous group 1 (arms 1AS, IBS,
1DS) and group 5 (arms 5AS, 5BS. 5DS). (Mukai et al.
1990).

In Chinese Spring, the probe pSc119.2 (a highly re-
peated DNA sequence from rye) hybridizes to 13 chromo-
somes [4A. 2D, 3D. 5D and all seven B-genome chromo-
somes (Rayburn and Gill 1985) and 5A and 4D (Mukai et
al. 1993a)]. The B genome shows multiple pSc119.2 sites
allowing the individual identification of chromosomes. In
Ae. umbellulata both the 185-25S and the 55 rDNA are lo-
cated on the short arm of chromosomes 1U and 5U and
pScl19.2 hybridizes with all the Ae. umbellulata chromo-
somes, mainly at the telomeres except on chromosomes 6U
and 7U where intercalary sites are also observed (Castilho
and Heslop-Harrison 1995).

In the present investigation we applied multiple target
in situ hybridization, using as probes the total genomic
DNA from Ae. umbellulata together with specific cloned
DNA sequences (the 185-25S and 5S rDNA and a repeat
fromrye, pSc119.2). This enabled physical mapping of the
translocation breakpoints in 11 recombinant lines and also
the identification of the wheat chromosome involved in the
initial translocation.

Material and methods
Plant material

In this investigation we studied 11 Glu-U1*/Gli-UI™ wheat-Ae. wm-
bellulata recombinant lines selected from those produced by Islam-
Faridi (1988): their designation and parentage are listed in Table 1.

Electrophoretic methods

In order to ensure that the plants used in this study were carrying the
U HMW glutenin subunits, their total endosperm proteins were frac-
tionated according to their molecular weight using one-dimensional
10% sodium dodecyl sulphate polyacrylamide-gel electrophoresis
(SDS-PAGE) under reducing conditions as described by Payne et al.
(1981), although the 2-mercaptoethanol was replaced by dithiothrei-
tol (1 mM) as the reducing agent in the sample buffer. Seeds were
divided into two halves and the endosperm part not including the em-
bryo was crushed. Only embryos from seeds shown to be carrying
the high-molecular-weight proteins from Ae. umbellulara were se-
lected to be analysed by in situ hybridization. These could either be
heterozygous or homozygous for the recombinant chromosome.

Preparation of cells for 1n situ hybridization

Half seeds containing the embryo were germinated in distilled wa-
ter on filter paper in Petri dishes at 25°C for about 2 days. When the
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Table 1 List of the wheat-Ae.

umbellulata recombmant lines ~ Line Parentage”

showing the original crosses

made by Islam-Farid1 (1988). Al0

Since then, stocks have been A30

maintained by selfing and se- A34

lection based on protein mark- A37

ers Ad7
248*
A56 CS %248
A58 CS %248
79°
A62 CSx79
Ab4 CSx79
A65
A94

[(CS N5B T5D x CS 1U(1B)) x CS N5B TSD] x CS N5D T5B
[(CS 1U(1B) x CS N5B TSD) x CS N5B T5D] x CS

[(CS 1U(1B) x CS N5B T5D) x CS phlphl] x CS N5SD T5B
[(CS 1U(1A) x CS N5B T5D) x CS N35B T5D] x CS N5D T5B
[(CS N5B T3D x CS 1U(1A)) X CS phlphl] x CS

[(CSMSB x CS 1U(1A))] x CS phlphl

[(CS 1U(1A) x CS N5B T5D)] x CS phiphl

[(CSMSB x CS 1U(1B) x CS phlphl] x CS
CS X [(CSMSB x CS 1U(1A)) x CS phlphl]

2 Intermediate hybrid line

® CS=Chinese Spring, NSBT5D and similar nomenclature=Nullisomic for 5B and tetrasomic for 5D,
M5B=Monosomic for 5B, CS1U (1A) and similar nomenclature=CS with 1U substtuting for 1A and
CSphiphl=CS 5B Phlb mutant/deletion (Sears 1976)

root-tips were a few mm long. the Petr1 dishes were transferred to
4°C for 24 h and then back to 25°C for 26-29 h in order to synchron-
1ze cell division. The excised root-tips were transferred to ice water
at 0°C for 24 h and finally fixed in 3:1 (v/v) 100% ethanol:acetic ac-
id. Root-tip spreads were performed as described by Schwarzacher
et al. (1989).

Probe preparation

The physical location of the 185-255 and 55 rDNA and a highly ran-
dem repeated DNA sequence was performed on wheat-Ae. umbellu-
{ata recombinant lines using the following labelled probes:

pTa7l. containing a 9-kb EcoRI fragment of the 185-255 rDNA iso-
lated from T. aestivum (Gerlach and Bedbrook 1979} and re-cloned
in pUCI19. The DNA was directly labelled with Fluorored. rhoda-
min-14-dUTP (Amersham), by nick translation.

pTa794, containing a 410-bp BamHI fragment of the 55 rDNA iso-
lated from embryos of T. aestivum (Gerlach and Dyer 1980) and
cloned in pBR322. The DNA was amplified and labelled by PCR
with either digoxigenin-11-dUTP (Amersham) or Biotin-11-dUTP
(Sigma).

pSc119.2, containing a 120 bp tandem repeated sequence unit of
DNA isolated from rye, Secale cereale (Bedbrook et al. 1980). sub-
cloned by MclIntyre et al. (1988). The DNA was labelled by nick
translation with digoxigenin-11-dUTP.

The physical location and identification of the alien DNA seg-
ment in the recombinant wheat-Ae. umbellulata lines, was carried
out using genomic 1n situ hybridization. Total genomic DNA from
Ae. umbellulata was isolated and purified as described by Sharp et
al. (1988), then sonicated to produce 10-12-kb fragments and la-
belled by nick translation with different non-radioactive haptens.

Prior to in situ hybridization, probes were mixed in a solution
containing 50% (v/v) formamide, 10% (w/v) dextran sulphate, 0.1%
(w/v) SDS (sodium dodecyl sulphate), 5 ng/ul of autoclaved salmon
sperm DNA and 2xSSC (hybridization stringency of 76%). The
probe concentration for cloned DNA was 60-100 ng/slide, and
100-200 ng/slide for total genomic DNA. The total genomic DNA
from wheat was fragmented into units of about 250 bp long by au-
toclaving for 5 min and was used in the hybridization mixture as a
blocking DNA. together with the labelled DNA from Ae. umbellu-
lata. In this way. predominantly, the sequences specific for the tar-
getare available for hybridization (Anamthawat-Jénsson etal. 1990).
The unlabelled blocking DNA was used at a concentration of
35-50x the genomic probe concentration.

In situ hybridization

Before the DNA:DNA hybridization, the slides were pre-treated as
described by Heslop-Harrison et al. (1991) and air dried. Just before
being added to the slides. the hybridization mixture was denatured
in a 70°C bath for 10 min and incubated on ice for 5 min The hy-
bridization mixture was added to the slides (30-50 pl/slide) and the
chromosomes, together with the probe, were denatured for 5 min at
70°C. using a programmable temperature controller (Hybaid Omni-
slide, Heslop-Harrison et al. 1991). The hybridization was carried
out in a 37°C incubator overnight (in a humid chamber). After hy-
bridization, the shides were washed as described by Heslop-Harrison
et al. (1991) and the hybridization sites of digoxigenin- and biotin-
labelled probes were detected using a fluorochrome marker, anti-di-
goxigenin conjugated to FITC (Fab fragment, Boehringer) and anti-
biotin conjugated to Cy3 (Sigma), respectively. The detection of both
digoxigenin and biotin hybridization sites were carried out by incu-
bating the slides for 1 h at 37°C in a solution of 1% (v/v) anti-digox-
igenin FITC, 0.025% (v/v) anti-biotin Cy3 in 5% (w/v) BSA. After
detection the shides were washed. chromosomes were stained with
DAPI and mounted, following the procedures of Heslop-Harrison et
al. (1991). When the direct label systems were used, no detection
was needed. The probe hybridization sites were visualized on a Leitz
epifluorescent microscope following excitation with light of the right
wavelength using appropriate light filters. Photomicrographs were
taken on Fujicolor Super HG400 colour print film.

Results and discussion
Endosperm proteins

A sample of recombinant seeds were screened for the pres-
ence of their Glu-1 and absence of their G/i-1 proteins on
10% SDS-PAGE. Althought the gliadin proteins are better
separated by acid polyacrylamide-gel electrophoresis (A-
PAGE:; Bushuk and Zillman 1978), some characteristic
Gli-1 bands can still be identified in 10% SDS-PAGE. Fig-
ure 1 shows the HMW glutenin subunit and some of the
gliadin bands in one example of each line. All the lines
carry both the Glu-B1 and Glu-DI genes except for lines
A34 and A65 where the Glu-B1 proteins are missing. A65



also lacked the Gli-BI phenotype indicating that this line
is probably nullisomic for the 1B chromosome. Line A34
shows a Glu-B17/Gli-BI™ phenotype and thus represents
either a misdivision of the centromere or a product of ho-
moeologous recombination. Lines A34, A37 and A62 were
still segregating for the presence of the Ae. umbellulata
glutenins and hence for the recombinant chromosome (A34
and A62 are now stabilized). About 100 screened seeds of
the other lines all carried the Ae. umbellulara HMW glu-
tenin subunits.

Multiple target in situ hybridization

Figures 2—7 show root-tip chromosome preparations from
the wheat lines with alien chromosome segments intro-
gressed from Ae. umbellulata. Genomic in situ hybridiza-
tion was used to identify and characterize the number and
size of the alien segments, thus identifying heterozygous
and homozygous recombinant lines. We physically
mapped the location and number of 185-255rDNA (pTa71)
and 58 rDNA (pTa794). We also used the hybridization
pattern of the probe pSc119.2 on Chinese Spring (Mukai
et al. 1993a) and Ae. umbellulata (Castilho and Heslop-
Harrison 1995) to identify chromosomes from the wheat
complement and. in particular. the chromosome involved
in the translocation with 1U. Since these recombinant lines
were obtained by manipulation of the homoeologous pair-
ing-control system, single or multiple translocations could
have taken place between homoeologous wheat chromo-
somes. In fact. although the hybridization pattern of
pSc119.2 allowed the identification of several wheat chro-
mosomes. in some lines (e.g. A56 and A358) results were
often difficult to interpret, indicating the probable presence
of translocations or other chromosomal rearrangements.

Fig. 1 Electrophoretic pattern
of the total endosperm proteins
from Chimese Spring wheat
(CS). Ae. umbellulata (Au), a
1U addition line (CS+/U) and
the 11 recombinant lines (A10
to A94) after fractionation by
10% SDS-PAGE. The HMW
glutenin subunits appear well
separated on the upper half of
the gel and some relevant glia-
din bands can also be distin-
guished 1n the lower half of the
gel. The figure also indicates
the chromosome arms respon-
sible for the bands
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To avoid exhaustive presentation of photomicrographs,
only limited examples of each type of translocation found
amongst the 11 recombinant lines studied in this investi-
gation are shown.

AlO

Figure 2 illustrates the results of multiple target in situ hy-
bridization on the A10 recombinant line. The genomic in
situ hybridization shows that this is a ditelosomic addition
line (2n=42+2 t) with the alien chromosome present as a
pair of 1U long-arm telocentric chromosomes. Four major
wheat 185-25SrDNA sites (Fig. 2a) and ten 55 rDNA sites,
all of wheat origin, were detected (Fig.2b, c). The
pSc119.2 hybridization (Fig. 2d) on the alien chromosome
was, as expected, telomeric on the long arm of chromo-
some 1U (Castilho and Heslop-Harrison 1995). The SDS-
PAGE analysis (Fig. 1) showed that this line carries both
IB and 1D HMW glutenins and gliadins, suggesting that
these chromosomes were, most probably, not involved in
the recombination event. The characteristic pSc119.2 pat-
tern on the 1B chromosome (Fig. 8) allowed it to be iden-
tified (Fig. 2d), and the four major 185-25S rDNA sites
(1B and 6B chromosomes) detected (Fig. 2a) showed that
this line is disomic for the 1B chromosome. On the other
hand. only 10 out of 12 5§ rDNA sites were detected indi-
cating that a wheat chromosome or chromosome segment
must be missing in this line. as 12 sites were consistently
detected in wheat under the same hybridization conditions.
The results presented suggest that the missing 55 rRNA
sites are most likely to be those located on the short arm
of chromosome 1A since we know that 1B is disomic and
both Glu-DI and Gli-D1 protein markers are present, al-
though group 5 also carries a 5.5 rRNA locus.

-
T o o ~ n +
223398323 :2823

— HMW Glutenin —|
Subunits
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A30, A34, A37, A47 and A64

Multiple target in situ hybridization allowed the physical
mapping of the translocation breakpoints on A30, A34,
A37, A47 and A64 (Fig. 3). These lines had all been ob-
tained independently. from different series of crosses (see
Table 1), but the alien segment transferred to wheat is sim-
ilarin length in all of them. Lines A34 and A37 were mono-
somic for the translocated chromosome, while all the other
lines were disomic. In situ hybridization allowed us to map
the translocation breakpoint on the short arm of chromo-
some 1U proximal to the 1U 55 rDNA site. Figure 3 shows
examples of results obtained for this group of recombi-
nants. Comparing the genomic hybridization signal with
the morphology of the DAPI stained chromosomes
(Fig. 3e. 1) it is possible to distinguish a segment of wheat
origin on the end of the short arm of the translocated chro-
mosome. The SDS-PAGE (Fig. 1) and the multiple target
in situ hybridization results (data not shown) suggest that
in line A34 chromosome 1B is probably involved in the
translocation with 1U. The analysis of the endosperm pro-
tein markers showed that this line is phenotypically
Glu-UI", Glu-BI /Gli-UI™, Gli-BI" and we could identify
only four major NORs and 12 55 rDNA sites, two of each
located on the Ae. umbellulata segment in the translocated
chromosome. In the other recombinant lines we have
mapped six major sub-terminal NORs. four on wheat chro-
mosomes (1B and 6B) and two on the Ae. umbellulata chro-
mosome segment (Fig. 3a, b). All 12 55 rDNA sites were
detected. ten being of wheat origin and two from Ae. um-
bellulata (Fig. 3¢, d). It seems, therefore, that the 1U seg-
ment transferred to wheat includes the complete long arm
as well as the short arm up to and including the 55 rDNA.
The SDS-PAGE (Fig. 1) shows that the lines are carrying
both endosperm markers on chromosomes B and 1D and
that pSc119.2 hybridizes with 13 wheat chromosome pairs
(Fig. 3e) allowing the identification of the 1B and group-
5 chromosomes. Therefore the wheat segment of the trans-
located chromosome is most likely to belong to the short
arm of chromosome [A.

AS56 and A58

We found that lines A56, A58 and A62 are near centro-
meric translocations (Fig. 4). The multiple target in situ
hybridization suggests the presence of long arm/long arm
translocations, although comparison of the genomic signal
with the morphology of the chromosome indicates that the
translocation breakpoint is located just beyond the centro-
mere; a section of wheat arm is visible between the cen-
tromere and the alien segment, suggesting a complete 1U
long arm is not present. All the short arm 1U gene mark-
ers tested are missing. The SDS-PAGE results (Fig. 1)
showed, as for the lines discussed above, that chromosome
1B and 1D are most likely present as disomics. The
pSc119.2 pattern (Fig. 4c), together with the 185-25S
rDNA (Fig. 4b) and the 55 rDNA (Fig. 4a) numbers, ex-
clude chromosome 1B from being involved in the translo-

cation. Lines A56 and A58 result from the same interme-
diate hybrid line (see Table 1) and hence they may not in-
volve two different translocation events. The pSc119.2 hy-
bridization pattern on the translocated chromosome from
these lines is complex, showing one telomeric site on the
alien segment and an intercalary site on the wheat segment
(Fig. 4c). The results presented indicate that the short arm
of chromosome 1A may be missing and the long arm is the
wheat segment present in the translocated chromosome.
However, the translocated chromosome carries a pSc119.2
site on its wheat arm, which is not present in the long arm
of chromosome 1A (Mukaietal. 1993a). Itis therefore pos-
sible that a chromosome other than a group- | chromosome
is involved in the translocation: neither the 1B nor 1D long
arm is involved, as chromosome 1B is clearly identified by
its pSc119.2 hybridization pattern and chromosome 1D
also does not carry a pSc119.2 site on the long arm.

A62

The results obtained for this recombinant line are similar
to those presented above. However, the translocated chro-
mosome in the A62 line shows a different pSc119.2 hy-
bridization pattern with only one telomeric site on the 1U
chromosome segment (Fig. 5).

A6S and A94

AG65 (Fig. 6) and A94 (Fig. 7) are characterized by partial
deletions of the short arm of chromosome 1U. Genomic in
situ hybridization on both lines showed that the alien chro-
mosome has no detectable wheat segment.

Line A65 was obtained originally from crosses involv-
ing the CS1U(1B) substitution line. The number of 18S-
258 rDNA (Fig. 6a, b) and 55 tDNA (Fig. 6d, e) sites, the
pSc119.2 pattern (Fig. 6¢), and the SDS-PAGE show that
chromosome 1B is still missing in this line. The 1U chro-
mosome transferred to wheat includes the long arm and the
short arm up to and including part of the 185-255 rDNA
site. The breakpoint occurred within the ribosomal rRNA
gene cluster and the hybridization signal (Fig. 6b) reveals
the presence of a minor 1U 18S5-25S5 rDNA instead of the
expected major NOR. This type of deletion has also been
reported by Payne et al. (1984) on the wheat [B chromo-
some.

Line A94 is also adeletion of the 1U chromosome. How-
ever the breakpoint has been mapped proximal to the NOR
and so all the 1U short-arm marker genes are missing. In
this line we were able to map four major NORs (Fig. 7a)
and ten 55 rDNA sites (Fig. 7b. ¢) all of wheat origin. The
pSc119.2 hybridization pattern in this line (Fig. 7d) shows.
as expected. a telomeric site in the alien chromosome seg-
ment. For the same reasons already discussed for other
lines, the results of mulitiple target in situ hybridization in
these two lines demontrate that both 1B (in the A94 recom-
binant line) and 1D are disomic and, as only ten (A94) and
eight (A65) of 12 wheat 55 rDNA sites are present, the 55
rDNA from chromosome 1A must be missing.
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Legend of figure 2—7 please see on page 823







Figs. 2-7 Double target in situ hybridization on somatic metaphase
cells from root-tips of wheat-Ae. umbellulara recombinantlines. Blue
shows DAPI fluorescence from DNA staining, vellow to green colour
shows FITC fluorescence and red shows rhodamine or CY3 fluores-
cence-detecting sites of hybridization. 185-255 rDNA 1s always la-
belled red with rhodamine and pSc119.2 sites are green. detecting
digoxigenin label; other fluorochromes are described in individual
legends. Colours vary slightly with different fluorescence filters and
superimposition of fluorochromes. Fig. 2 Line A10 with telocentric
alien chromosomes. a In situ hybridization of total genomic DNA
from de. umbellulata labelled with digoxigenin. detected green. and
185-255 rDNA.. Micrograph taken with a bandpass filter allowing si-
multaneous visualization of four major 185-255 rDNA hybridization
sites of wheat origin. the 1U chromosome segment (bright green tel-
ocentric chromosome pair; right) and the 42 wheat chromosomes
(dull green). b Genomic in situ hybridizaton with Ae. umbellulara
DNA labelled with digoxigenin. showing two telocentric Ae. umbel-
lulara chromosomes (bright yellow-green; lower left) and ¢ 5SS tDNA
(b1otin label: bright red bands) at ten sites on chromosomes of wheat
origin (dull red). d Hybridization pattern of the tandem repeated DNA
sequence (pScl19.2: green dots) and genomic DNA from Ae. um-
bellulata labelled with biotin (orange telocentric chromosome pair;
top). Fig. 3 Examples of lines A30. A34. A37. A47 and A64 with
wheat-alien recombination proximal to the Ae. umbellulata 5STRNA
locus. a Genomic in situ hybridization with Ae. umbellulata DNA
labelled with digoxigenin (bright green) (line A30); wheat-alien re-
combinant chromosomes are ai rowed at the breakpoint, and have a
small. dull green terminal segment of wheat origin, while in b the
185-255 rDNA probe shows four major wheat and two Ae. umbellu-
lata-origin rDNA sites (line A47). ¢ Genomic in situ hybridizanon
with Ae. umbellulara DNA (bright green, right centre) (line A30) and
d the sites of 55 rDNA (biotin-label: red bands) on ten wheat-origin
and two Ae. umbellulata-origim chromosome segments (line A30).
e, f Hybridization pattern of pSc119.2 (green dots) and genomic DNA
from Ae. umbellulata labelled with biotin (bright orange, top right
and centre) (line A64). The dull wheat-origin terminal segment is
seen on the short arm of the recombinant chromosome that also has
a green, terminal pSc119.2 band on the long arm, both undetectable
by DAPI staining alone (f). Fig. 4 Examples of lines A56 and A58
with wheat-alien recombination near the centromere of the Ae. um-
bellulata-origin long-arm chromosome segment. a In situ hvbridiza-
tion using 55 IDNA (digoxigenin label; yellow) and total DNA from
Ae. umbellulata (biotin label; orange, top left and centre). 185-255
rDNA sites are also visible by orange fluorescence. while wheat-or-
1gin chromosomes and the segments on the recombinant chromo-
somes are dull orange-brown The sites of ten 55 rRNA genes, all of
wheat origin. and the translocations near the centromere are visible.
b Genomic 1n situ hybridization with Ae. umbellulara DNA (digox-
igenin label: green) and 185-255 rDNA, photographed with a triple
bandpass filter allowing the simultaneous visualization of four ma-
jor 188-255 rDNA sites of wheat origin and the 1U chromosome seg-
ments (centre). ¢ Hybridization pattern of pSc119.2 (yellow dots)
and genomic Ae. umbellulata DNA (biotin label. detected pink, ar-
rows). showing pSc119.2 sites on both ends of the recombinant chro-
mosome and demonstrating that the long arm of Ae. umbellulara
chromosome 1U is present Fig. 5 Example of line A62 with wheat-
alien recombination near the centromere of the Ae. umbellulata-or-
igin long-arm chromosome segment (pSc119.2, yellow, and Ae. um-
bellulata-origin chromosome segment, orange). A terminal pSc119.2
band is present on the Ae. umbellulata-origin segment but not the
wheat-origin segment of the recombimant chromosome. Fig. 6 Line
A65 showing absence of the terminal segment of Ae. umbellulata
chromosome 1U short arm from within the 18S-258 rDNA site to the
end of the chromosome. a In situ hybridization of total DNA from
Ae. umbellulata (digoxigenin label: greenjand b 185-255 tDNA. The
Ae. umbellulata-origin chromosome has no wheat segment, and the
185-255 tDNA hybridization 1s terminal and weak (arrows; cf.
strength 1n Fig. 3b) showing that the ternunal segment of the chro-
mosome, starting within the TDNA locus. 1s deleted. ¢ Hybridization
pattern of pSc119.2 (yellow dots) and Ae. mbellulara genomic DNA
(biotin label. bright orange chromosome segments). d Hybridization
of Ae. umbellulata genomic DNA (digoxigenin label, green) and e
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585 rDNA (biotin. red dots). The eight 55 rDNA sites (red dots) are
all of wheat origin and the locus is deleted from the Ae. umbellula-
ra origin chromosome. Fig. 7 Line A94 showing absence of the ter-
minal segment of the short arm including the [85-255 and 5§ rRNA
loci. a In situ hybridization genomic Ae. umbellulata DNA (digox-
igenin label. green) and 185-25S rDNA. Micrograph taken with a
triple filter allowing simultaneous visualization of four 18$-255
rDNA sites. all of wheat origin. and the deleted 1U chromosomes
(lighter-green. top centre). b In situ hybridization of Ae. umbellula-
ra (digoxigenin; green) and ¢ 55 rDNA (red). There are ten 5S rDNA
sites, all of wheat origin. d Hybridization of pSc119.2 (digoxigenin,
yellow) and total genomic DNA (biotin, red). Microphotograph tak-
en with a tmple filter

Glu-1 Gli-1
1A
1B
1D
1U

Fig. 2 A10
r A30
A34
Fig. 3 A37
A47
A56

Fig. 4
A58
Fig. 5 A62
Fig. 3 A64
Fig. 6 A65
Fig. A94

chromosome LU segment 09 18S-25S IRNA genes

o | | ]

wheat segment 0O 58 tRNA genes

ey pSci19 2 sites

Fig. 8 Diagrammatic representation of the wheat homoeologous
group-1 chromosomes, the Ae. umbellulata 1U chromosome, and
translocated chromosomes in each recombinant line. The figure
shows. 1n each recombinant line, the relative size of the Ae. umbellu-
lara 1U chromosome segment with the origin and relative location of
the 185-255 and 55 rRNA genes and the location of pSc119.2 bands
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Conclusions

This investigation shows that multiple target in situ hybrid-
ization using a combination of genomic DNA and repeti-
tive DNA probes provides a sensitive. informative and ac-
curate method to characterize recombinant chromosomes
in wheat. The additional information obtained makes it
possible to distinguish between monosomic and disomic
recombinant lines and also allows a better understanding
of the chromosomal complement in the recombinant lines.

The effort involved in using in situ hybridization is con-
siderable. and would be prohibitive for the analysis of an
extensive crossing programme involving many hundreds
of potential recombinants. However, clear marker loci are
often available for the pre-selection of potential recombi-
nants: in the present case, all lines tested showed the HMW
glutenins but not the gliadins of Ae. umbellulata origin,
and lines including both Ae. umbellulata genes were dis-
carded by Islam-Faridi (1988). Analysis of the genetic con-
stitution and rearrangements using either molecular mark-
ers or conventional cytological analysis of somatic or
meiotic chromosome preparations would require consid-
erably more effort than the present analysis. and key re-
sults about the presence and nature of the recombinant
chromosomes would have been obscured by the other kar-
yotypic rearrangements and translocations found within
the lines. Using in situ hybridization we could directly vis-
ualize the morphology of the alien chromosomes or chro-
mosome segments, thus identifying the number and size of
the alien segments, translocations, and aspects of the struc-
ture of wheat chromosomes.

The results obtained from the 11 recombinant lines are
summarized in Fig. 8. The idiograms of the translocated
chromosomes indicate the physical locations of the break-
points, the short arm markers of the 185-255 and 5S rDNAs
and the repetitive DNA probe pSc119.2. Although the
lines, a sample from those produced by Islam-Faridi
(1988), were obtained from nine series of crosses using dif-
ferent parental lines (Table 1), we show that the progeny
include only two types of wheat-Ae. umbellulara translo-
cations, along with two deletion and one telocentric addi-
tion line.

An alternative method to induce recombination between
wheat and alien chromosomes uses X-rays. This treatment
has been extensively used in alien genetic transfers since
the first report of Sears (1956), who transferred a leaf rust
resistance gene (Lr9) from Ae. umbellulata to the long arm
of wheat chromosome 6B (see Mukai et al. 1993b). All ra-
diation-induced wheat-alien transfers identified so far are
terminal chromosome translocations, but as Mukai et al.
(1993b) have demonstrated they are randomly located with
respect to C-bands. Their experiments have generated a se-
ries of wheat-rye lines and recombinants giving Hessian
fly resistance that have been analysed by in situ hybridiza-
tion. In contrast to radiation-induced recombinants. the re-
combinants induced by the manipulation of chromosome
pairing reported here have occurred either near to, but not
at, the centromere, or near or within the ribosomal genes

in the short arm of chromosome 1U. Spontaneous translo-
cations may often involve centromeric recombinants, al-
though non-centromeric reciprocal translocations have oc-
curred frequently during evolution in the Triticeae. Homo-
eologous pairing can occur between wheat and rye chro-
mosomes in hybrids and these may be of considerable sig-
nificance for plant breeding (Koebner and Shepherd 1985,
19864, b): Miller et al. (1994) advocate the use of in situ
hybridization to identify the wheat genotypes that are most
effective for inducing homoeologous chromosome pairing
and for identifying the best strategy for obtaining alien in-
trogression into wheat.

Ae. umbellulata-wheat recombinant lines are required
for transferring the Glu-Ul loci from Ae. umbellulata into
wheat with only small flanking regions, as the HMW glute-
nins are related to bread-making quality (Law et al. 1984).
[t is likely that the lines A56. A58 and A62 are most val-
uable for this purpose since the wheat-Ae. umbellulata
translocation breakpoint is close to the Glu-Ul genes. We
therefore suggest that these are used for further crossing
to induce a breakpoint on the other side of the locus. A tar-
geted strategy using the Pk pairing-manipulation system
to generate small intercalary rye chromosome segments in
a wheat background, starting from the 1BS-1RL centro-
meric translocation, has been used with considerable suc-
cess by Koebner and Shepherd (19864, b). It is likely that
a similar strategy would prove successful with these lines.
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