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Summary. Restriction enzyme digestion of the ribosomal 
RNA genes of the nucleolar organisers of wheat has 
revealed fragment length polymorphisms for the 
nucleolar organiser on chromosome 1B and the nu- 
cleolar organiser on 6B. Variation between genotypes for 
these regions has also been demonstrated. This varia- 
tion has been exploited to determine the recombination 
frequency between the physically defined nucleolar 
organiser on 1B (designated Norl) and other markers; 
two loci, Glu-B1 and Gli-B1 which code for endosperm 
storage proteins and R f3, a locus restoring fertility to 
male sterility conditioned by T. timopheevi cytoplasm. 
Gli-B1 and Rf3 were located on the short-arm satellite 
but recombine with the nucleolar organiser giving a 
gene order of Norl - Rf3 - Gli-B1. Glu-B1 is located on 
the long arm of 1B but shows relatively little recom- 
bination with Norl, which is, in physical distance, distal 
on the short arm. This illustrates the discrepancy 
between map distance and physical distance on wheat 
chromosomes due to the distal localisation of chias- 
mata. The recombination between Norl and R f3  in- 
dicates that, contrary to previous suggestions, fertility 
restoration is not a property of  the nucleolar organiser 
but of a separate locus. 
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Introduction 

In bread wheat (Triticum aestivum) the chromosomal 
locations of marker genes can be established by cyto- 
genetical techniques (Law and Worland 1973). By such 
means an extensive catalogue of genes has been built 

up (Mclntosh 1973). However, because of the scarcity 
of multiple marker stocks, most data on the intrachro- 
mosomal locations of loci relate only to specific arms or 
to linkage distances from the centromere, rather than to 
associated loci. The development of biochemical tech- 
niques for the analysis of isozyme polymorphisms (Hart 
1979) and for endosperm protein subunits (Payne et al. 
1982, 1983) has now resulted in a great increase in the 
potential number of loci available for chromosome 
mapping in wheat. In addition, structural polymor- 
phisms are being recognised for regions of chromo- 
somes by the use of restriction endonucleases and these 
can also be used. 

This paper presents data gained from combining 
these approaches for mapping genes on chromosome 
lB. This chromosome is becoming better characterised 
since it carries two loci coding for endosperm storage 
proteins, one on the long arm and the other on the 
short arm (Payne et al. 1982, 1983). Both loci are highly 
polymorphic and therefore eminently suitable for 
mapping studies. The short arm of  this chromosome is 
also the site of the nucleolar organiser region (Nor). 
The ribosomal RNA genes which make up this region 
have long been shown to vary in copy number between 
varieties (Flavell and Smith 1974) but recent work has 
also shown that there is structural variation in the 
DNA between varieties expressed as fragment length 
polymorphisms following restriction enzyme digestion 
(Flavell 1983). This allows the nucleolar region to be 
mapped as a gene locus designated Nor1. Since the 
locus can be mapped physically by observing the 
nucleolar constriction in metaphase chromosomes and 
also by in situ hybridisation (Miller et al. 1980; Appels 
et al. 1980) in cytological preparations this also allows a 
comparison of physical and genetic maps to be made. 
Previously this has only been possible for chromosome 
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1B of wheat by using deletion stocks (Payne etal .  
1984). 

A further locus for study on the short arm of chro- 
mosome 1B is Rf3, which restores normal  pollen 
production in cytoplasmic-male-sterile lines conditioned 
by T. timopheevi cytoplasm (Tahir and Tsunewaki 
1969). It has been speculated that this property may be 
a function of the nucleolar region (Tsunewaki 1982). 
Using appropriate genetic stocks this hypothesis has 
been tested. A further novel feature of the present in- 
vestigation is that inbred recombinant  lines, rather than 
the more conventional  F~ or backcross generations of a 
cross are used as the segregating material under  study. 

Materials and methods 

Genotypes 

Random recombinant F~ lines developed by single seed 
descent from the crosses 'Marls Huntsman'• 1" 
(MH • B) - 23 lines, and 'Maris Huntsman' x 'Maris Ranger' 
(MH x MR) - 54 lines, were used for linkage estimation in this 
study. The varietal characteristics for the loci under study are 
shown in Table 1. Such inbred material was used in preference 
to conventional F2 or backcross generations for two reasons. 
Firstly, the classification of plant genotype necessitated de- 
structive sampling for each character separately and this re- 
quired large amounts of grain. Secondly the examination of 
each of the characters is labour intensive and time consuming, 
so that fewer progenies could be examined than in most 
mapping studies. Hence examination of predominantly homo- 
zygous populations simplified genotypic classification. 

To develop the recombinant lines, F1 progeny between the 
parental varieties were produced and selfed to produce the F2. 
Three generations of single seed descent, where the plants 
were cultivated under crowded fast growing conditions, were 
practised from F2 to Fs. Fs plants were then grown to 
produced bulk F6 families where each F6 family was derived 
from a different F~ plant. The genotypic constitution of each 
F5 parent for each locus was then elucidated using samples of 
this F~ grain. 

Table 1. Varietal alleles for the loci studied 

Methods of genotypic classification 

a) Examination of restriction enzyme digest fragment length 
polymorphisms (RFLP's) for ribosomal RNA genes. The vari- 
eties used exhibit RFLP's for the ribosomal (r)RNA genes of 
the nucleolar organiser regions of chromosomes 1B and 6B. 
Each inbred line could be characterised for its respective 
parental patterns for these rDNA multigene families. To facili- 
tate this classification the DNA of seedlings grown in the dark 
for 4 d was extracted and purified using a procedure com- 
municated by Thanh Huynh of Stanford University, Cali- 
fornia, USA. 

Shoots from 5 seedlings of each family were homogenised 
in a buffer solution of 15% sucrose, 50 mM Tris-HC1, 50 mM 
Na3 EDTA and 0.25 M NaCI, pH 8.0. After centrifugation, the 
crude nuclear/chromatin pellet was resuspended in 0.4 ml of 
the above ice-cold buffer which lacked the NaC1. l gl of 
diethylpyrocarbonate was added, followed by 5 Bxl of 20% SDS. 
After heating at 70~ for 10min, 50~tl of 5M potassium 
acetate was added, the solution shaken vigorously and then 
cooled for 30 min on ice and the precipitate removed by 
centrifugation. DNA in the supernatant was precipitated by 
adding two volumes of ethanol and then recovered by cen- 
trifuging. The DNA was redissolved in buffer to which was 
added 10 gg of RNAase per ml of buffer. After incubation at 
37 ~ for 30 min the solution was extracted twice with phenol 
saturated with 10 mM Tris-HCl, 10 mM EDTA, pH 8.0. The 
aqueous phase was brought to 0.2 M sodium acetate and the 
DNA precipitated with two volumes of ethanol. This pellet 
was dissolved in 10 mM Tris-HC1, 1 mM Na3 EDTA, pH 8.0. 

Restriction enzyme digestion with ECoRI and BamHI 
(Bethesda Research Laboratories) was carried out on 3 pxg of 
each DNA sample at 37 ~ for 16 h. The reaction was ter- 
minated by the addition of 25 mMNa3 EDTA, 0.1% glycerol 
and 0.01% SDS. The digested DNA was fraetionated by 
electrophoresis in 1% agarose gels. The ribosomal DNA frag- 
ments were then detected by transferring the DNA to nitrocel- 
lulose (Southern 1975) and hybridising with the plasmid 
pTa71 which contains an rDNA repeat unit from wheat in the 
vector pACYC/184 (Gerlach and Bedbrook 1979). Radio- 
active labelling of the plasmid with 32p was carried out as 
described by Rigby et al. (1977). 

b) Examination of endosperm proteins. Allelic variation at the 
endosperm storage protein loci Glu-B1 and Gli-B1 was deter- 
mined by sodium dodecyl sulphate, polyacrylamide gel elec- 

Character analysed Locus Method ofphenotypic 
classification 

Alleles present 

' Maris 
Huntsman' 

'Bezostaya 1' 'Marls 
Ranger' 

High molecular weight Glu-B1 
glutenin sub-units 

w-gliadins Gli-Bl 

Ribosomal RNA genes Norl 

Cytoplasmic male sterility Rf3 
fertility restoration 

SDS-PAGE 

SDS-PAGE 

Restriction enzyme digestion 
fragment length polymorphism 
Test crosses to 72 timopheevi 
alloplasmic lines 

Glu-Bld Glu-Blc Glu-Bla" 
(bands6+8) (bands7+9) (band7) b 
GI#B1 a GH-Blfl GH-B1 
(bands A+ C) (band B) (band D) 
Norla Norlb Norlc ~ 

R f3 rf3 rf3 

a Payne and Lawrence (1983) 
See Fig. 3 
See Fig. 1 
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trophoresis (SDS-PAGE). Proteins from three grains of each 
line were extracted together and fractionated by the method of 
Laemmli (1970) as modified by Payne et al. (1981). Gli-B1 is a 
complex locus coding for w-gliadins, y-gliadins and low 
molecular weight subunits of glutenin (Payne et al. 1984) but 
only the w-gliadins were used as markers in these genetical 
studies. Glu-B1 encodes high molecular weight subunits of 
glutenin. 

c) Classification at the restorer locus. The individual inbred 
lines were classified as carrying the restoring (R f3) or non- 
restoring allele (rf3) by test crosses to T. timopheevi allo- 
plasmic lines of two varieties, 'Maris Templar' and 'Maris 
Ranger'. These male-sterile genotypes had been developed by 
recurrent backcrossing to the Bison 1~ A-line (Livers and Heyne 
1962; Hughes 1984). Two plants of each line were crossed as 
pollen parent to each male-sterile genotype. From these 
crosses, three F1 progeny from each cross combination were 
grown to maturity in a glasshouse and all ears enclosed in 
cellophane bags prior to anthesis. Fl 's produced from a line 
homozygous for the dominant restoring allele would be 
heterozygous and therefore male-fertile and self-fertile, whilst 
Fl's produced from a non-restoring genotype would be homo- 
zygous for the non-restoring allele and hence male-sterile and 
self-sterile. 

Method of linkage estimation 

The frequency of parental and recombinant genotypes for two 
loci linked by a recombination frequency p, in any generation 
derived by recurrent selfing from an F1, was given by Haldane 
and Waddington (1931). 

If the frequencies of the following genotypes in any 
generation are: 

AABB, aabb = Cn 
AAbb, aaBB = D n 
AABb, AaBB, Aabb, aaBb =En 
AB �9 ab = Fn 
Ab" aB = Gn 

then the frequencies in the n + 1 generation are given by the 
recurrance equations 

Cn+l =Cn+Y2En+l/4(1-p) 2 Fn+p 2 Gn 
Dn+l =Dn+Y2En+l/4p 2 Fn+ Y4(1-p) 2 Gn 
En+ 1 = Y2 En+ Y4 (2p-2p 2) (Fn+ Gn) 
Fn+l =Y2(1-p) 2 Fn+Y2p 2 Gn 
Gn+ 1 -- Y2 Fn+ Y2 (l-p) 2 Gn 

As selling proceeds the frequencies of parental and recom- 
binant homozygotes increases and the frequencies of heterozy- 
gotes decreases. When selling is advanced to complete homo- 
zygosity (the F ~  generation) the population consists of homo- 
zygotes in the frequencies: 

1 
C , o o  -~- 

2 ( 1 + 2 p )  

Dcxz P 
( l+2p)  

From these frequencies the maximum likelihood value of 
p can be obtained from the equation: p = NR 

Np 
where 

NR= observed number of recombinant genotypes 
Np = observed number of parental genotypes 

This has a standard error of 

P2 (1 +2p) 2 ] Y2 
NR(1 + 4p) - 4Npp 2 ] 

In the present experiment the data consisted of genotype 
frequencies in the Fs generation. Thus to calculate maximum 
likelihood recombination frequencies, expected Fs genotypic 
frequencies were calculated using the above recurrance rela- 
tionships and equated to the observed frequencies using a 
general optimising routine (Ross 1980), following the procedure 
discussed by Gale et al. (1983). This was achieved using a 
computer programme written by R. A. Kempton and P. J. 
Stoehr of the Plant Breeding Institute, Cambridge. Standard 
errors of these estimates could not be calculated in this way 
and approximate standard errors were derived using the Fez 
equation given above. 

R e s u l t s  

Genotypic classifications 

a) Ribosomal DNA polymorphisms. Figures 1 a and b 
show the restriction enzyme digest profiles for the 
r D N A  of  the nucleolar  organiser  regions for the paren-  
tal varieties and for a representat ive  sample  of  the 
single seed descent  lines. These are the combined  
profiles for the region on 1B (Nor1) and on 6B 
(designated Nor2). The differences in RFLP  between 
Nor1 and Nor2 within a genotype occur because of  
variat ion in lengths of  the spacer  D N A  between the 
t ranscribed units. This is i l lustrated by the organisat ion 
o f  the r D N A  gene shown in Fig. 2. This var ia t ion is due 
to differences in the number  o f  copies of  a small  
repeated  sequence in these regions (Flavell  1983; 
Appels  and  Dvorak  1983). Variat ion between genotypes 
in 1B and 6B pat terns  is also caused by differences in 
these intergenic regions and this enables allelic varia-  
tion between the parenta l  genotypes to be recognised. 

Pr ior  to classification o f  the single seed descent  lines 
for their  Nor1 patterns,  the restriction fragments of  
each of  the nucleolar  organisers of  the parents  were 
distinguished. For  the cross M H  • M R  this was possible 
by compar ing the profiles o f  the paren ta l  lines with 
those of  the genotypes 'Chinese  Spring' ,  'Cappe l le -  
Desprez '  and the single chromosome substi tut ion line 
'Chinese Spring'  ( 'Cappe l le -Desprez  6B'). This substitu- 
tion ]ine differs in band ing  pat tern  from 'Chinese 
Spring'  only at the Nor2 region and hence one of  the 
five 'Cappe l le -Desprez '  bands  could be classified as 
originating from Nor2. Maris Ranger  is a variety 
derived from a 'Cappe l le -Desprez '  cross and it has 
inheri ted the 'Cappe l le -Desprez '  Nor1 and Nor2 
banding  patterns. Consequent ly  the single seed descent 
lines could be identif ied as carrying the 'Cappel le -  
Desprez '  Nor1 or Nor2 pat te rn  or  the different pat terns  
of  'Maris Huntsman '  - Fig. 1 a. 'Bezostaya '  produces  a 
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Fig. 1. Autoradiographs obtained from probing the rDNA fragments of Norl and Nor2 following digestion with Eco RI and 
Barn HI restriction endonucleases for the parental varieties and a representative sample of single seed descent lines of the crosses 
'Maris Ranger'x 'Maris Huntsman' (a) and 'Bezostaya l 'x 'Mar is  Huntsman' (b). Single seed descent lines labelled R1 have the 
Norl allele of 'Bezostaya 1' or 'Maris Ranger' and the Nor2 allele of 'Maris Huntsman'. Lines labelled R2 have the Norl allele of 
'Maris Huntsman' and the Nor2 allele of'Bezostaya 1' or 'Maris Ranger' 

Bam HI 
ECo RI 

Fk, .......................q , s s  

I 

1 rDNA Unit 
I 4 

Variable  Region 

Bam HI 
l ECo RI 

25s ] Fig. 2. Organisation of rDNA show- 
ing restriction sites and the region pro- 
ducing RFLP between Norl and Nor2 
and between varieties 

restriction profile different from both 'Maris  Huntsman '  
and 'Maris  Ranger ' .  However,  from a knowledge of  the 
'Maris  Hun t sman '  Norl  pat tern the M H x  B lines were 
easily classified into their respective parenta l  types - 
Fig. l b .  In both crosses no variants other  than the 
respective parenta l  pat terns were observed in any o f  the 
lines indicat ing that  these mult iple gene regions are 
inheri ted as a block with no apparen t  intralocus re- 
combinat ion.  

Due to var ia t ion in the quali ty o f  the autoradio-  
graphs not all the single seed descent lines were unam- 
biguously classified. In total, 4 of  the M H X  B and 14 of  
the MH x M R  lines could not  be classified and these are 
omit ted  from the l inkage analysis. Of  the remaining 
lines, however,  a clear 1:1 segregation of  parenta l  
pat terns  was observed (Table 2). 

b) Endosperm proteins. Figure 3 shows the SDS-PAGE 
profiles of  a sample  o f  single seed descent lines for the 
two crosses examined.  The IB chromosome o f ' M a r i s  
Hun t sman '  encodes two major  proteins  which corre- 

spond to bands  label led 6 + 8 at the Glu-B1 locus and m- 
gl iadin bands  A + C at the Gli-B1 locus. In contrast the 
1B chromosome of  'Bezostaya 1' encodes bands 7 + 9  
and B, whilst 'Maris  Ranger  1B' encodes bands 7 and 
D. The other  bands  present  represent  segregation at the 
homoeologous  loci on chromosomes 1A and 1D (Payne 
et al. 1982). 

All but  one of  the single seed descent lines were 
unambiguously classified for their genotype at both 
loci. The observed segregation frequencies o f  parenta l  
alleles in each cross were not significantly different 
from the expected 1:1 ratio (Table 2) and the fre- 
quency of  heterozygotes was not  significantly different 
from the frequency o f  ~/16 expected for the Fs genera-  
tion. In addit ion,  as Fig. 3 illustrates, recombinants  be- 
tween the Glu-B1 and Gli-B1 loci were present  in both 
crosses. 

c) Fertility restoration. In the F1 progeny derived from 
crosses between the individual  single seed descent lines 

Table 2. Observed genotype frequencies for each allele at each 
locus 

Cross Genotype Locus 

Glu-B1 Norl Rf3 Gli-Bt 

MHxB 'M. Huntsman' 12 10 8 7 
'Bezostaya' 9 9 12 13 
Heterozygotes 2 - 3 2 
Unclassified - 4 - 1 

MH x MR'M. Huntsman' 21 19 27 24 
'M. Ranger' 32 21 23 29 
Heterozygotes 1 - - 1 
Unclassified 14 4 - 
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Fig. 3. Analysis by SDS-PAGE of endosperm 
proteins from the F6 single seed descent lines of 
'Maris Huntsman' • 1' and 'Maris 
Huntsman'• Ranger'. The chromosome 
IB encoded high molecular weight (HMW) 
glutenin subunits of each parent have been 

-labelled by numbers and w-gliadins coded by 
1B, by letters. 'Maris Huntsman' parental types 
with 6+8, A + C  are labelled P1, and 'Bezo- 
staya 1' or 'Maris Ranger' types with 7 + 9 and 
B or 7 and D are labelled P2. Recombinants 
with 'Bezostaya 1' or 'Maris Ranger' HMW 
subunits and 'Marls Huntsman' w-gliadins are 
labelled R1 and those with 'Marls Huntsman' 
HMW subunits and 'Bezostaya 1' or 'Maris 
Ranger' w-gliadins, as R2 

and the T. timopheevi alloplasmic testers, clear dif- 
ferences in the frequencies o f  seeds set were observed 
and plants were easily classified as sterile or fertile by 
eye. For most lines a consistent classification within 
crosses and across the testers was obtained so that it 
was possible to unambiguously classify lines as being 
homozygous for the restoring allele of  'Maris Hunts- 
man '  or the nonrestoring allele of  either 'Bezostaya 1' 
or 'Maris Ranger' .  However, progeny from crosses of  
three lines o f  MH • B segregated for sterility indicating 
that their F5 parents were heterozygous for this locus. 
Four lines of  the MH • MR cross could not be classified 
because o f  the failure to obtain test cross seed. In both 
crosses, as with the other loci examined, a clear 1:1 
segregation o f  parental homozygotes was obtained. 

Linkage estimation 

The complete genotypic classification at all four loci is 
shown in Table 3. The two crosses were tested for 
heterogeneity on the completely classified data and no 
differences between them was detected (Z]151=7.4, 
P=0 .8 -0 .9 ) .  Consequently for linkage estimation the 
data were combined over crosses. 

Maximum likelihood estimates of  recombination 
frequencies were calculated between each pair of  loci 
and map distances derived using the Kosambi mapping 
function, (Kosambi 1943). These are given in Table 4. 
Previous analysis o f  the Glu-B1 and Gli-B1 loci by 
Payne et al. (1984) has established that these are only 
loosely linked. The map distance o f  36 cM obtained 
here suggests a closer linkage, al though because o f  the 
large error due to the small number  of  lines, this is not  
significantly different from the estimate of  66 cM given 
by Payne et al. Also the map distance o f  24 cM between 
Glu-B1 and Norl is very similar to the 22 cM obtained 
by Payne et al. (1984). This close linkage between Glu- 
B1, which is on the long arm and the nucleolar 
organiser, which is distal on the short arm, illustrates 
the discrepancy between recombination maps and 
physical maps highlighted previously for 1B by Payne 
et al. (1984) and by Dvor~ik and Chen (1983) for chro- 
mosome 6B. 

Deletion mapping of  1B by Payne et al. (1984) has 
shown that Gli-B1 is distal to Norl and thus located on 
the satellite of  the short arm. This locus is relatively 
closely linked with R f3 indicating that this locus must 
also be located on the satellite. 
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LONG ARM 

G l u - B 1  

SHORT ARM 

Nor1  R f 3  G l i - B  1 

6 6 ~  

Fig. 4. Genetic map of chromosome 1B showing 
distances in cM. 
* Date ofPayne et al. (1984) 

Table  3. Complete genotypic classification of the F5 single 
seed descent plants 

Genotypes No. of lines Com- 
bined 

GIu-B1 N o r l  R f3  Gli-B1 MH • B MH x MR 

H H H H 3 7 10 
H H H B 1 2 3 
H H B H 0 0 0 
H H B B 3 3 6 
H B H H 1 2 3 
H B H B 0 0 0 
H B B H 0 1 1 
H B B B 1 2 3 
B H H H 0 4 4 
B H H B 0 1 1 
B H B H 0 0 0 
B H B B 1 1 2 
B B H H 0 1 1 
B B H B 0 3 3 
B B B H 0 3 3 
B B B B 3 6 9 
H B B 0 1 1 
H - H H 1 1 2 
H - H B 0 1 1 
H - B H 0 1 1 
B - - B 0 1 1 
B - H B 0 3 3 
B - B H 0 2 2 
B - B B 2 2 4 
B H H 0 2 2 
H H H/B B 1 0 1 
B B H/B B 1 0 1 
H/B - H H 1 0 1 
H B B H/B 1 0 1 
B B H/B H 1 0 1 
H/B H H - 1 0 1 
B B B H/B 1 0 1 
H H - H 0 1 1 
H/B H H H/B 0 1 1 
B B - B 0 2 2 

H ='Maris Huntsman' homozygote 
B = 'Bezostaya 1' or 'Maris Ranger' homozygote 
H/B = heterozygote 

A recombinat ion frequency of 22.6% was obtained 
between N o r l  and Rf3. Thus contrary to the suggestion 
of Tsunewaki (1982), restoration of male sterility is not 
a function of the nucleolar organiser but of a separate 
closely linked locus. 

A comparison of the recombinat ion frequencies 
between the three loci on the short arm indicates the 

Table  4. Maximum likelihood recombination frequencies be- 
tween loci 

Combination Recombination Map 
frequency (%) distance (cM) 

Glu-B1 - N o r l  22.5 _+ 9.3 24 
Glu-B1 - R f3  34.1 + 8.5 42 
Glu-B1 - Gli-B1 30.8 • 7.4 36 
N o r l  - Rf3  22.6 _+ 9.2 24 
N o r l  - G#-B1 36.8+ 13.5 47 
R f 3  - Gli-B1 22.1 • 6.4 24 

gene order to be: centromere - N o r l  - R f 3 -  Gf i -B1 .  

This was confirmed by calculations of maximum log 
likelihood functions for different possible gene orders. 
These calculations also produced combined estimates of 
recombination frequencies and hence map distances 
between the four loci. Figure 4 shows the gene map in- 
corporating these values, expressed in cM. Recombina- 
tion in the satellite region produced a combined map 
distance of 46cM compared to only 21cM in the 
proximal region between G l u - B 1  and N o r l .  This again 
illustrates the high frequency of chiasmata occurring in 
the satellite region of 1B. 

D i s c u s s i o n  

The present study has shown how. the approaches of 
classical genetics and molecular biology can be com- 
bined to produce genetic maps of wheat chromosomes. 
The use of RFLP's opens up the possibility of analysing 
allelic variation without the necessity for phenotypic 
variability, thereby dramatically increasing the number  
of markers available for mapping studies. Further, by 
using the techniques of in situ hybridisation (Hut- 
chinson et al. 1981) in parallel with such investigations, 
knowledge of the physical maps of chromosomes could 
be correspondingly enhanced. 

An interesting feature of the RFLP profiles of the 
N o r  loci is the high degree of homogeneity within the 
arrays of repeated genes clustered within a Nor.  T h e  

length heterogeneity in the spacer regions between the 
adjacent rDNA repeat units is extensive within wheat 
but only a few forms are predominant  in a given N o r  
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(Flavell,  unpublished) .  This homogene i ty  implies  that 
the mechanisms which mainta in  it, unequal  crossing 
over, gene conversion and possibly, selection, must 
p redomina te  over the mechanisms which reduce it, 
namely,  muta t ion  and meiot ic  recombina t ion  between 
homologues.  This suggests that recombina t ion  within 
the Nor locus is rare even though it is a large locus 
often containing more than 1,000 genes or 107 base 
pairs. 

The difference between the physical  and genetic 
maps  of  chromosome 1B of  wheat  poses the question of  
what  regulates the dis t r ibut ion of  chiasmata  in a 
chromosome arm. It is interesting to note that on the 
chromosome arms o f  wheat  a l ready  shown to exhibit  
distal crossing-over (6B, Dvonik  and Chen 1983; and  
1B this paper)  there is a major  block o fhe te roch romat in  
a round  the centromere  and also a smaller  amount  
a round  the Nor. The reduct ion of  crossing over in 
heterochromat ic  regions containing tandem arrays o f  
repeated  sequences is consistent with the hypothesis  
that  recombina t ion  is ini t ia ted preferent ia l ly  at or near  
to sites containing specific kinds of  sequences, which 
are absent  from the tandem arrays o f  repeats.  However,  
in Drosophila the presence o f t e lomer ic  he terochromat in  
has been shown to suppress recombina t ion  resulting in 
the localisat ion o f  chiasmata  further away from the 
heterochromat ic  regions (Yamamoto  and Miklos 1978; 
Miklos and Nankivel l  1976). I f  this is the case in wheat  
then for the chromosomes  of  the B genome,  all of  
which contain blocks of  p roximal  heterochromat in ,  
recombinat ion  would be expected to be distal. How- 
ever, for the chromosomes  of  the A and D genomes 
with much less pericentr ic  he terochromat in  the effect of  
distal  localisat ion should not  be so pronounced.  

The speculation by Tsunewaki (1982) that the nucleolar 
organiser on chromosome 1B was involved in determining 
restoration of fertility to cytoplasmic male sterility was based 
on evidence from several mapping studies. In addition to Rf3, 
Tsunewaki (1974) located Rful restoring fertility to Aegilops 
umbellulata cytoplasm and Rfo3 restoring fertility to Ae. ovata 
cytoplasm on lB. Mukai and Tsunewaki (1979) located the 
restorer locus Rfvl to Ae. kotschyi cytoplasm on the satellite of 
chromosome lB. This multiplicity of restorer genes could be 
due to allelic variation at a single locus. A locus restoring 
fertility to Ae. caudata cytoplasm has also been located on 
chromosome 6B, the site of the other nucleolar organiser in 
wheat (Tsunewaki 1974). Evidence in Nicotiana by Burns and 
Gerstel (1981) also showed a relationship between restoration 
of fertility to cytoplasmic male sterility and a nucleolar 
organiser chromosome. 

The evidence from the present  study, however, 
indicates that in wheat,  at least for chromosome 1B, the 
relat ionship is coincidental  ra ther  than causal. Fur ther-  
more,  evidence from Hamawak i  and Mukai  (1980) 
showed that  at least two genes Rf3 and Rfvl, occupy 
different loci on chromosome lB. In addit ion,  other  
chromosomes  of  the wheat  genome carry restorer  genes 
(Tsunewaki 1982) but  do not  have nucleolar  organiser  

regions. Thus in wheat, the nucleolar  organiser  region 
of  1B would not appear  to be directly involved in 
fertility restorat ion al though a regula tory  function 
cannot  be rule out. 
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