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Summary. About  360 offspring o f  a tri-parental cross 
were screened by gel electrophoresis and unexpectedly 
one o f  them did not contain chromosome 1B og-gliadins 
derived from either o f  the primary parents. A line 
disomic for the w-gliadin null was developed from the 
surviving embryo half  o f  the unique grain. Two dimen- 
sional electrophoresis revealed that all the storage 
protein genes at Gli-B1, coding for y-gliadins, fl-gliadins 
and low-molecular-weight subunits of  glutenin as well 
as the w-gliadin, were not expressed. The nuclei of  
dividing root-tip cells were shown by light microscopy 
to lack the normal  short-arm satellites o f  chromosome 
1B, indicating that the genes for the missing storage 
proteins had been lost through a terminal deletion. 
Using a radioactive ribosomal RNA probe, the defi- 
cient 1B chromosomes were shown to contain ribo- 
somal RNA genes demonstrat ing that at least two- 
thirds o f  the short arm was still present. Examination of  
serial sections of  chromosome 1B at metaphase by low- 
power electron microscopy showed that the point of  
scission of  this chromosome was within the secondary 
constriction where the ribosomal RNA genes are locat- 
ed. The Gli-B1 locus must therefore be carried on the 
short-arm satellite. Transmission of  the deficient 
chromosome from female gametes to progeny was 
normal (i.e., about 50%) but from pollen it was poor  
(8.8%). Recombinat ion mapping  indicated that the 
distance from the ribosomal RNA genes (Nor1) to Glu- 
B1 was 22 cM, equivalent to 13 cM from Nor1 to the 
centromere. 
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Introduction 

Over the last three decades many aneuploid lines of bread- 
wheat have been collected (Sears 1954) but relatively few lines 
are available which contain deletions of parts of chromosome 
arms. Such lines would be extremely useful for several types of 
genetical study, for instance in locating structural genes to 
chromosome segments. One of the best examples of a partial 
arm deletion was developed in 'Chinese Spring' by Giorgl 
(1981) which has two thirds of the terminal segment of the 
long arm of chromosome 6B deleted. Sears (1977) reported a 
small, interstitial deletion involving the Ph locus on the long 
arm of chromosome 5B. More recently, Miller and Reader 
(1982) described a line of 'Chinese Spring' which was hetero- 
zygous for a major deletion of part of the long arm of 
chromosome 5A. However, upon selfing, no progeny with 
disomic deletions were recovered, which the authors attributed 
to male gametes containing incomplete 5A chromosomes 
being incapable of competing with normal gametes during 
pollination. 

In this communication,  a genetic line is character- 
ised that has a partial deletion o f  the short arm of  
chromosome lB. It was used as a parent in a crossing 
procedure to estimate recombination between Glu-B1 
on the long arm of  chromosome 1B and the ribosomal 
RNA genes at the secondary constriction on the short 
arm of  the same chromosome. 

Materials and methods 

The bread-wheat varieties used in this study were taken from 
the collection held at the Plant Breeding Institute, Cambridge, 
UK. 

1 Sodium dodecyl sulphate, polyacrylamide-gel electrophoresis 
(SDS-PA GE) 

The method used to fractionate the total proteins of wheat 
endosperm after reduction with 2-mercaptoethanol was de- 
scribed previously (Payne et al. 1980; Payne et al. 1981). The 
method fractionates proteins mainly according to their molec- 
ular weight. 
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2 Two-dimensional electrophoresis ofgfadin 

Gliadin was extracted from wheat flour and fractionated by 
acid, polyacrylamide gel electrophoresis (APAGE) in the first 
dimension and SDS-PAGE in the second as described previ- 
ously (Payne et al. 1984a). 

3 Two-dimensional electrophoresis of total endosperm protein 

Two methods were used, isoelectric focussing (IEF) followed 
by SDS-PAGE to fractionate acidic and neutral proteins and 
non-equilibrium pH gradient electrophoresis (NEPHGE) fol- 
lowed by SDS-PAGE to fractionate the more basic proteins. 
Details of both methods modified for wheat endosperm 
proteins are given in Holt etal. (1981) and Jackson etal. 
(1983). 

4 Light microscopy of root-tip chromosomes 

Root tips were excised from grains germinated for 48 h, 
incubated in a saturated solution of 1-bromonaphthalene for 
4.5 h, fixed in glacial acetic acid and stored at 4 ~ Prior to 
microscopy, root tips were hydrolysed in 1N HCI at 60~ for 
12 rain and then treated with Feulgen stain. 

5 In situ hybridisation 

Wheat chromosomes were hybridised in situ using the tech- 
nique described by Hutchinson et al. 1980. The probe used 
was the tritium-labelled cRNA transcribed from plasmid 
pTA71 which contains a single wheat ribosomal gene repeat- 
ing unit (Gerlach and Bedbrook 1979). The photographic 
emulsion was exposed for 8 weeks when the autoradiographs 
were developed and the chromosomes stained with Giemsa 
prior to cytological examination. 

6 Electron microscopy 

Roots from young seedlings were excised and fixed. Serial 
sections, 0.1 btM thick, were made and prepared for electron 
microscopy as described by Bennett et al. (1979). The volumes 
of chromosomes and of chromosome arms in cells at meta- 
phase were estimated as described by Heslop-Harrison and 
Bennett (1983). 

Results 

1 Isolation of  a line completely deficient in chromosome 
1B ~o-gliadins 

The development  of  a line lacking the short-arm 
satellite of chromosome 1B originated from the analy-  
sis, by SDS-PAGE, of  progeny from the cross ( ' H o p e ' x  
'Cappel le-Desprez ' )  ? •  The cross was 
originally made  to estimate recombinat ion  between 
Glu-B1, which occurs on the long arm of  chromosome 
1B and codes for high-molecular-weight  (HMW) sub- 
units o f  glutenin, and Gli-B1 which occurs on the short 
arm of  the same chromosome and codes for w-gliadins, 
y-gliadins and low-molecular-weight  subunits of  glu- 
tenin (Payne et al. 1984b). 

All three parents had therefore been selected to 
have different allelic blocks of  proteins coded at each 
Glu-B1 and Gli-B1 locus. Because of  the tr iploid nature 
of  the endosperm, the grains from this cross would all 
be expected to contain two doses of  chromosome 1B w- 
gliadins, either from 'Hope '  or from 'Cappel le -Desprez ' ,  
plus one dose of  allelic proteins from the third, male 
parent,  'Highbury ' .  However, one grain out of  361 was 
unique in having neither of  the 1B ~o-gliadins from the 
two pr imary parents  (Fig. 1, arrow) al though it had the 
allelic counterpart  from 'Highbury ' .  

To bring the chromosome 1B oJ-gliadin null to 
homozygosity, the embryo half  of  the unique grain was 
germinated and the adul t  plant  al lowed to self polli-  
nate. Those progeny which were complete ly  lacking 
'Highbury '  chromosome 1B oJ-gliadins were germinated 
and selfed again to obtain a stock of  grains. 

Fig. 1. Analysis by SDS-PAGE of the storage pro- 
teins of 'Hope' (slot 1), 'Cappelle-Desprez' (slot2), 
'Highbury' (slot3) and 15 progeny from a cross 
between these vgrieties (slots 4-18). The mutant 
analysed in slot 16 lacks both w-gliadins A and B as 
indicated by the arrow but contains the allelic protein 
C from 'Highbury'. The numbered H M W  glutenin 
subunits found in the three parents are all coded by 
chromosome 1B 
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2 Analysis by two-dimensional electrophoretic procedures 

When a gliadin extract of  grain from the null Stock was 
analysed by pH 3.1 x SDS-PAGE and compared to the 
corresponding patterns for 'Hope '  and !Cappelle-Des- 
prez' (not shown) it was clear that all gliadins coded at 
GIi-B1, one major v-gliadin and one minor/3-gliadin as 
well as two ~o-gliadins were not being expressed 
(Fig. 2). Similarly, NEPHGEXSDS-PAGE and I E F •  
SDS-PAGE revealed that several LMW glutenin sub- 
units coded at GIi-B1 were not expressed either (E. A. 
Jackson, unpublished). Thus all the genes at this locus 
must either have been deleted in this stock or, if  still 
present, they must remain repressed during grain 
development. 

3 Characterisation by light microscopy 
and by in situ hybridisation 

The karyotypes of  dividing root-tip nuclei from one of 
the primary parents, 'Hope' ,  and the null stock are 
shown in Fig. 3. 'Hope '  has the normal bread wheat 
chromosome number of 42. Four of the chromosomes 
have satellites caused by secondary constrictions at the 
nucleolar organiser regions, which bear the ribosomal 
RNA genes; the two satellites which are small relative 
to the length of the short arms belong to the pair of  1B 
chromosomes and the two, larger, satellites belong to 
6B chromosomes (Riley etal. 1958) as indicated in 
Fig. 3A. The deletion mutant, whilst having 42 chro- 
mosomes, has only two satellites and as they are 
relatively long, they must belong to chromosome 6B 
(Fig. 3B, arrows). Otherwise, all the chromosomes 
appeared to be normal in that they possessed two arms 

Fig. 2. Two-dimensional fractionation of the gliadin proteins 
from the chromosome 1BS satellite deletion. The map posi- 
tions of chromosome IB- encoded gliadins from the two 
primary parents, 'Hope' and 'Capelle-Desprez', are shown by 
open and stippled circles, respectively. The gliadins have been 
subdivided into four groups, a-, fl-, y- and w-, according to 
their mobilities in the first dimension 

Fig. 3. The karyotypes of (A) 'Hope' and (B) the chromosome 
1BS satellite deletion line revealed by light-microscopy after 
Feulgen staining. The chromosomes possessing satellites are 
identified 

so it is presumed that the null stock had arisen by the 
cleavage of chromosome 1B at some point on the short 
arm with the satellite either completely deleted or too 
small to be detected by light microscopy. This conclu- 
sion is consistent with the electrophoretic evidence 
shown in Fig. 1 for while the ~o-gliadins coded by 
chromosome 1B are absent in the unique grain, HMW 
glutenin subunits 6 and 8, whose genes are located on 
the long arm of chromosome 1B (Payne and Lawrence 
1983), are present and are inherited from 'Hope' .  

To determine more accurately the location of the 
chromosome break, tritium-labelled, copy RNA tran- 
scribed from a plasmid containing wheat ribosomal 
RNA gene sequences, was hybridised to root-tip 
squashes of  the deletion mutant. Extensive silver 
graining, due to the hybridised, radioactive probe was 
associated with four areas, one on each of four chromo- 
somes (Fig. 4). In two of them, the Giesma-stained 
satellite could be seen distal to the  silver grains and 
these must be the pair of  6B chromosomes. However, 
no satellites could be seen clearly for the other two 
labelled chromosomes which are presumably the 1B 
chromosomes. Thus it is concluded that chromosome 
1B has broken either within the ribosomal RNA genes 
or just distal to them to produce a very small satellite 
which cannot be resolved by light microscopy. 
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Fig. 4. In situ hybridisation of radioactive 
ribosomal RNA probes to chromosomes of the 
1BS deletion line. The ribosomal RNA genes 
are revealed by heavy silver-graining, sat. is 
short for satellite 

4 Characterisation by electron microscopy 

Nucleolar organising regions which contain active ribo- 
somal RNA genes are seen in the electron micrographs 
as light staining regions of  chromatin whose positions 
relate to the secondary constrictions o f  Feulgen-stained 
chromosomes. Consequently, light-staining regions are 
used as diagnostic features of  nucleolus organising 
chromosomes in serially sectioned metaphase cells 
(Bennett et al. 1982). 

Examination of  a completely reconstructed meta- 
phase plate o f  the chromosome deficiency line showed 
the presence of  two chromosomes with terminal lighter 
staining regions of  chromatin on both chromatids of  
their short arms. From the work described above with 
the light microscope it is likely that these are the pair of  
1B chromosomes and independent evidence from the 
measurement of  chromosome arm volumes confirms 
this. The mean ratios o f  long to short arm volumes for 
the unusual chromosome pair were 2.56 and 2.38 
(mean, 2.47). These values were greater than the long 
arm, short arm ratios for any of  the 21 chromosome 
types of  euploid 'Chinese Spring', the maximum value 
being 2.21 (2 determinations on each of  two cells). For 
'Chinese Spring', the mean arm ratio for chromosome 
1B was 1.61 but the ratio of  long arm to the non- 
satellited segment only o f  the short arm was 2.44, which 
is not significantly different from the volume ratio of  
the suspected 1B chromosome in the deficiency line. 

Electron micrographs of  four serial sections of  one 
of  the 1B chromosomes are illustrated in Fig. 5. The 
vertical arrows indicate the position of  the centromere 
and the diagonal arrows the light staining nucleolar 
organising region. The short arm of  chromosome 1B is 
therefore on the left-hand side of  Fig. 5. The long arm, 
on the fight hand side in Fig. 5 C and 5 D is orientated 
at fight angles to the plane of  the photograph and the 

rRNA~i ~ CENTROMERE 
E ~ SATELLIT 

rRNA DELETIO 

NORMAL 11 

Fig. 5. A-D low-power electron microscopy of four serial 
sections of chromosome lB. The position of the centromere is 
indicated by vertical arrows and the position of the nucleolar 
organiser region (the ribosomal RNA genes) is indicated by 
diagonal arrows. E diagrammatic representation of the com- 
plete and deficient 1B chromosomes, rRNA is short for 
ribosomal RNA genes 
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two chromatids are clearly seen in cross section. For 
one of the 1B chromosomes, seven serial sections 
contained the nucleolar organising region and the other 
contained five, but in none of them was there any dark- 
staining chromatin distal to the region. Furthermore, 
the total volume of light staining material in this 
chromosome pair was much less than would be ex- 
pected for chromosome 1B (normally the major nucleo- 
lar organiser site in bread wheat). Two other, larger 
chromosomes in the same cell identified as 6B on the 
basis of possessing large satellites and arm ratios close 
to unity, had a much more pronounced region of light 
stained chromatin. Similarly in the in situ hybridisation 
experiment (Fig. 4), silver graining was much more 
extensively associatd with chromosome 6B than with 
the satellite-deleted 1B chromosome, whereas the same 
chromosomes of  one of the parents, 'Hope' ,  had similar 
densities of  silver graining. While there can be large 
variations in the size of  the nucleolus organising region, 
these observations suggest that the cleavage of chromo- 
some 1B occurred within the secondary constriction 
and probably resulted in a significant reduction in the 
number of ribosomal RNA genes (Fig. 5 E). 

It is therefore concluded that the deletion line arose 
from the cleavage of chromosome 1B within the ribo- 
somal RNA genes with the loss of the satellite and the 
Gli-B1 locus which is carried on this chromosome 
segment. 

5 Transmission frequencies of  the deficient 1B 
chromosome through male and female gametes 

When plants heterozygous for the 1BS chromosome 
deficiency were selfed, only 4 of the 50 progeny were 
homozygous for this chromosome. The frequency of 

this homozygous type, 1 to 12.5, was far less than the 
expected 1 to 3 and indicated difficulties in the trans- 
mission of the deficient chromosome. To compare in 
more detail its transmission frequency, compared to 
that of a complete 1B chromosome, progeny of the 
cross (1BS satellite deletion line x 'Sicco')  F1 x 'High-  
bury'  were screened by SDS-PAGE. For male trans- 
mission, 'Highbury' was used as the female parent in 
the second cross and for female transmission, it was 
used as male. 

Those progeny carrying a complete 1B chromosome 
derived from 'Sicco' contained an ~o-gliadin coded by 
this chromosome which is easily distinguishable by gel 
electrophoresis (Fig. 6, large arrow). It was assumed 
that the progeny lacking this gliadin had inherited the 
deficient 1B chromosome. The ~o-gliadin band was 
much more intense in progeny of the female trans- 
mission experiment (Fig. 6B) compared to the male 
(Fig. 6A) because of the triploid nature of the endo- 
sperm. Similarly all progeny had either one or two 
doses of the allelic co-gliadin from 'Highbury'  (Fig. 6, 
small arrow). 

In the male transmission experiment, most of  the 
progeny in the small sample illustrated (Fig. 6A) and 
in the total sample (Table 1) contained the 'Sicco' 
chromosome 1B ~o-gliadin. Transmission of the 1B 
chromosome with the deleted satellite was only 8.8%, 
showing that male gametes containing this deficient 
chromosome compete much less effectively than ga- 
metes with a normal karyotype in fertilizing the ovule. 
By contrast, the frequency of transmission of the 
deficient 1B chromosome by female gametes was very 
similar to that of the complete chromosome (Fig. 6 B, 
Table 1). 

Fig. 6. Transmission of the 1B deficient chromosome by male (A) and female (B) gametes. The to-gliadins coded by chromosomes 
1B and inherited from 'Sicco' and 'Highbury' are marked by large and small arrows, respectively. HMW glutenin subunits 6 and 8 
are inherited from the 1B satellite deletion line, subunit 7 is from 'Sicco' and 17 from 'Highbury'. Progeny with parental classes of 
chromosome 1B HMW subunits and ~o-gliadins are marked P and those with recombinant classes, R 
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Table 1. Transmission of the short-arm deficient chromosome 
through male and female gametes by analysing progeny of the 
respective crosses (1BS deletion mutantx'Sicco')c?x'High- 
bury' 2 and (1BS deletion mutant • 'Sicco') ~ x 'Highbury' 

Chromosome 1BS 'Sicco' Total % trans- 
1B ~o-gliadins mutant mission 
from: 

1. Female parent 97 88 185 52.4 
2. Male parent 12 124 136 8,8 

(Table 2). A similar value of  20.6% was obta ined  with 
the reciprocal cross, despite highly distorted ratios for 
the two parental  classes and the two recombinants .  The 
two sets of  data  were therefore pooled and the overall  
recombinat ion  distance between Glu-B1 and Norl was 
calculated to be 21.9 cM. Since the distance between 
Glu-B1 and the centromere had previously been shown 
to be 9.0 cM (Payne et al. 1982), it follows that the 
distance from the centromere to Norl is only about  
13 cM. 

6 Recombination between Glu-B1 and ribosomal 
RNA genes 

Since the three parents  in the two crosses described in 
the previous section had different alleles for Glu-B1, the 
products  of  which were easily dis t inguished by SDS- 
PAGE,  the recombina t ion  map  distance between Glu- 
B1 and the r ibosomal  R N A  genes could be est imated 
(Fig. 6). As in a previous mapp ing  exper iment  (Payne 
et al. 1982) mispair ing between the long-arm ditelo- 
centric of chromosome 1B and the complete  1B chro- 
mosome at meiosis was only 6%, it was assumed that 
mispair ing involving the 1BS satellite dele ted chromo- 
some would be even less and so could not significantly 
affect the results. Consequently,  Fa plants  were not 
examined  cytologically for non-pair ing.  

The r ibosomal  R N A  genes have not so far been 
given gene symbols,  so it is proposed  here to adopt  
Norl for those genes on chromosome lB. Norl has 
been added  to the collection of  wheat  gene symbols 
cata logued by R. A. McIntosh. For  the cross set up to 
est imate transmission o f  deficient 1B chromosome 
through female gametes, recombinat ion  was 20.5% 

Discussion 

In this paper,  we have described the deve lopment  and 
characterisat ion of  a line from the embryo ha l f  of  a 
single grain which has a similar karyotype to euploid  
bread  wheat  except that it lacks the short-arm satellites 
of  the pair  of  1B chromosomes.  As the storage proteins 
coded by genes at Gli-B1 are not p roduced  in this line, 
it follows that Gli-B1 and also Rgl genes for red glume 
colour, which are tightly l inked to Gli-B1 (Leisle et al. 
1981) are carried on the satellite. Cytological  examina-  
tion has revealed that chromosome 1B has broken 
within the r ibosomal  R N A  genes at Norl. Conse- 
quently the line can be exploited to map  Norl to other 
gene markers  on chromosome 1B by est imating re- 
combinat ion in progeny of  crosses between the line and 
other varieties. Here, Norl has been m a p p e d  to Glu-B1, 
which occurs proximal ly  on the long arm of  chromo- 
some 1B and codes for H M W  subunits of  glutenin. The 
presence or absence of  chromosome 1B oJ-gliadins by 
SDS-PAGE determines  whether  the 1B satellite is 
present  or not in progeny without  resort to cytological 

Table 2. Recombination distance between Glu-B1 and the ribosomal RNA genes determined from 
analysing cross one, (1BS delection mutant• ~ x 'Highbury' cT and cross two, (1BS deletion 
mutant X 'Sicco')8 X 'Highbury' 2 

HMW subunits P R 

w-gliadin 

1BS 'Sicco' 1BS 'Sicco' 
mutant mutant 
1BS 'Sicco' 'Sicco' 1BS 
mutant mutant 

Total %R cM 

Cross 1 
Progeny no. 72 75 13 25 185 20.5 -I- 3.0 

Cross 2 
Progeny no. 11 97 27 1 136 20.6 + 3.5" 

Combined 
Progeny no. 255 66 321 20.6+2.3" 21.9+_2.7 a 

Map distances in centiMorgans (cM) were calculated from the recombination frequency using the 
Kosambi function (Kosambi 1944) 

SD 
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Fig. 7. Comparison of recombination and 
physical maps of the short arm and part of the 
long arm of chromosome lB. The two maps 
have been aligned at their centromeres (C). 
The bent arrow highlights the disparity in the 
positions of the ribosomal RNA genes on the 
maps. The bar denoting Nor1 is thicker than 
the bars for GIu-B1 and Gli-B1 and indicates a 
large locus arising from great re-iteration of 
the ribosomal RNA genes (Flavell and Smith 
1974). L is short for long and S for short 

examination, and the same electrophoretic system also 
distinguishes allelic variation at Glu-B1. The mapping 
procedure is therefore far less t ime-consuming than 
mapping Norl  in conventional crosses for here, allelic 
variants must be distinguished at Norl  and this re- 
quires restriction-enzyme analysis, agarose-gel elec- 
trophoresis and autoradiography. 

The screening o f  over 300 progeny gave recombina- 
tion between Norl  and Glu-B1 at 21%, or 2 2 c M  
(Table 2). In Fig. 7, this estimate has been combined 
with previous mapping data for storage protein genes 
and the centromere (Payne et al. 1982) to form a simple 
recombination map for chromosome lB. Norl  and 
Glu-B1, although occurring on different arms of  the 
chromosome, both lie close to the centromere in terms 
of  recombination units. As GIu-B1 and Gr-B1 are only 
very weakly linked (Payne et al. 1982) the map predicts 
high recombination between Norl  and Gli-B1. The 
results differ greatly from physical measurements o f  
chromosomes at mitosis since the ribosomal RNA 
genes at Norl  occur two-thirds o f  the length of  the 
short arm away from the centromere (Riley et al. 1958) 
and by deduction, relatively close to Gli-B1. There are 
several other examples of  differences between recom- 
bination and physical maps for wheat chromosomes in 
the literature. For instance, the awn inhibitor gene B2 
occurs on the long arm of  chromosome 6B and is 
tightly linked (1.0% R) to the centromere (Sears 1966). 
However, Giorgi (1981), working with chromosome 
deficiency line o f  chromosome 6B showed that B2 must 
occur on the terminal two thirds of  6BL and is 
therefore physically distant from the centromere. 
Dvorak and Chen (1983) did not detect any recombina- 
tions in 49 progeny between the ribosomal RNA genes 
on the short arm o f  chromosome 6B (Nor2 according to 
our  terminology) and the centromere even though the 
distance between them when measured by microscopy 
at metaphase amounted  to 68% of  the entire chromo- 
some arm. There was, however, a 20% recombination 
between Nor2 and the more distal Gli-B2 even though 
the physical distance between them was relatively 

small. These results imply that chiasma formation 
occurs non-randomly on wheat chromosomes,  being 
low in long chromosome segments adjacent to centro- 
meres and high elsewhere. 

The 1B chromosome with the deleted satellite is 
only about 15% shorter than a complete 1B chromo- 
some (Riley et al. 1958; Sears 1954). In spite of  this, 
male gametes containing the deficient chromosome 
only succeed in fertilizing 1 out of  every 11 female 
gametes when they have to compete with male gametes 
containing the normal  semikaryotype. However, male 
gametes lacking the entire 1B chromosome are even 
less effective compared to normal  gametes and only 1 
out of  31 grains produced will be monosomic for chromo- 
some 1B (Sears 1954). Because of  poor transmission 
frequencies the deletion line cannot be used directly in 
wheat breeding programmes al though its effect, in the 
homozygous state, on bread-making quality is currently 
being determined. The line will probably be most 
useful in genetical analysis to determine whether genes 
on the short arm of  chromosome 1B are located on the 
satellite or the non-satellited segment. 
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