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Summary. The nature of genome change during poly- 
ploid evolution was studied by analysing selected 
species within the tribe Triticeae. The levels of genome 
changes examined included structural alterations 
(translocations, inversions), heterochromatinization, 
and nucleotide sequence change in the rDNA regions. 
These analyses provided data for evaluating models of 
genome evolution in polyploids in the genus Triticum, 
postulated on the basis of chromosome pairing at 
metaphase I in interspecies hybrids. 

The significance of structural chromosome altera- 
tions with respect to reduced MI chromosome pairing 
in interspecific hybrids was assayed by determining the 
incidence of heterozygosity for translocations and para- 
centric inversions in the A and B genomes of T. timo- 
pheevii ssp. araraticum (referred to as T. araraticum) re- 
presented by two lines, 1760 and 2541, and T. aestivum 
cv. Chinese Spring. Line 1760 differed from Chinese 
Spring by translocations in chromosomes 1A, 3A, 4A, 
6A, 7A, 3B, 4B, 7B and possibly 2B. Line 2541 differed 
from Chinese Spring by translocations in chromosomes 
3A, 6A, 6B and possibly 2B. Line 1760 also differed 
from Chinese Spring by paracentric inversions in arms 
1AL and 4AL whereas line 2541 differed by inversions 
in 1BL and 4AL (not all chromosomes arms were assay- 
ed). The incidence of structural changes in the A and B 
genomes did not coincide with the more extensive diffe- 
rentiation of the B genomes relative to the A genomes 
as reflected by chromosome pairing studies. 

To assay changing degrees of heterochromatiniza- 
tion among species of the genus Triticum, all the 
diploid and polyploid species were C-banded. No 
general agreement was observed between the amount 
of heterochromatin and the ability of the respective 
chromosomes to pair with chromosomes of the 
ancestral species. Marked changes in the amount of 
heterochromatin were found to have occurred during 
the evolution of some of the polyploids. 

The analysis of the rDNA region provided evidence 
for rapid "fixation" of new repeated sequences at two 
levels, namely, among the 130 bp repeated sequences of 
the spacer and at the level of the repeated arrays of the 
9 kb rDNA units. These occurred both within a given 
rDNA region and between rDNA regions on non- 
homologous chromosomes. The levels of change in the 
rDNA regions provided good precedent for expecting 
extensive nucleotide sequence changes associated with 
differentiation of Triticum genomes and these processes 
are argued to be the principal cause of genome dif- 
ferentiation as revealed by chromosome pairing studies. 
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Introduction 

Chromosome pairing and the ensuing chiasma forma- 
tion scored at metaphase I (MI) is the result of a 
complex set of events in meiosis. Despite this com- 
plexity, chromosome pairing at MI in plant interspe- 
cific hybrids has provided the only means, to date, for 
quantifying the degree of genome relatedness and for 
inferring the origin of  polyploid plant species (see 
Kihara 1963). Detailed interpretation of this observa- 
tion is difficult however because of the poor under- 
standing of the biological events underlying chromo- 
some pairing. In this paper we have examined chromo- 
some changes within selected species of Triticeae at sev- 
eral levels viz. structural changes (translocations, inver- 
sions), heterochromatinization and nucleotide sequence 
change at the rDNA locus. These studies were aimed at 
analyzing the nature of genome change during poly- 
ploid evolution and thus assessing the validity of vari- 
ous models of genome differentiation developed on the 
basis of chromosome pairing studies in interspecific hy- 
brids. 
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M a t e r i a l s  a n d  M e t h o d s  

Genotypes 

Ditelosomics of T. aestivum cv. Chinese spring were obtained 
from E. R. Sears, University of Missouri, Columbia, Missouri, 
(USA). From these, double monotelodisomics of the homo- 
eologous chromosomes of the A and B genomes were pro- 
duced. Two lines of Triticum timopheevii ssp. araraticum used 
in hybridization were produced by self-pollination of a single 
plant selected from accessions G2541 and G1760 supplied by 
L. B. Johnson, the Department of Plant Science, University of 
California, Riverside (USA). Accessions of other Triticum 
species came either from the Department of Plant Science, 
Riverside (G. Wains)~ Agricultural Canada Station, Winnipeg 
(E. Kerber), Plant Breeding Institute, Cambridge, England (R. 
Johnson) or E. R. Sears. Populations of Secale species were ob- 
tained from V. Jaaska, Department of Botany, Tartu, Universi- 
ty of Estonian SSR. Population of Elytrigia elongata (Host) 
Holub was supplied by L. Evans, University of Manitoba, 
Winnipeg, Canada whereas those of E. scirpea and E. libanoti- 
ca were supplied by D. R. Dewey, USDA Research Station, 
Logan, Utah (USA). Populations of T. speltoides were collected 
by S. Jana, the Crop Science Department, University of Sas- 
katchewan, Saskatoon, Canada in Syria and Turkey. Indi- 
vidual heads were randomly collected every l0 m. 

Staining Techniques 

Immature spikes were collected from plants grown in the 
greenhouse. They were fixed in Carnoy's ethanol - chloroform 
- acetic acid fixative (6 :3 :1 ,  v/v)  and stained with iron- 
acetocarmine (BDH). 

For C-banded karyotypes root-tips were collected from 
three day old seedlings germinated in dark at 20 ~ Five to 
ten mm long root-tips were excised and placed in ice-cold 
distilled water in a staining dish and pretreated for 18 h at 
2 ~ in a refrigerated water-bath. The root-tips were then 
fixed in 45% acetic acid at room temperature from six to 
twelve hrs, then transferred directly into 0.2 N HC1, 60~ and 
hydrolyzed for 5 min. They were then washed in distilled 
water and treated with a mixture of 5% pectinase (Sigma, 
crude preparation), 5% cellulase (Sigma, Type II) and 5% he- 
micellulase (Sigma, Grade II). The digestion was monitored by 
making test slides and was terminated when a tap on the cover- 
glass resulted in dispersal of cells without them adhering to the 
slide (usually 30 to 45 rain). The root-tips were then thoroughly 
washed in distilled water and either used immediately or sto- 
red in distilled water at 5 ~ for 24 to 48 h. Squashes were 
made in 45% acetic acid. The cover-glass was removed by the 
dry-ice method and slides were dried at 45 ~ The slides were 
treated with saturated solution of Ba(OH)2 for 6 min, trans- 
ferred directly into 1 N HCI for 1 min to neutralize Ba(OH)2, 
washed for 5 min in (several times changed) distilled water, 
and dried. The slides were then placed into 2 • SSC, pH 7.0, 
at 60 ~ The progress of the development of bands was moni- 
tored by staining test slides. When the optimum length of the 
treatment was reached the slides were washed in distilled water 
and dried. They were then stained in freshly prepared 7% solu- 
tion of azur B eosinate (Sigma) in 25 mM KH2PO4-Na2HPO4 
buffer, pH 6.8. The staining solution was filtered prior to use. 
Stock solution of azur B eosinate was prepared by dissolving 
1 g of dye in 50 ml of  methanol at 50 ~ adding 50 ml of glyce- 
rol, and stirring at 50 ~ for several hrs. The stained slides were 
rinsed in water for 10 sec, dried on the slide warmer, and 
mounted in permount. 

Wheat rDNA Spacer Probes 

The T. aestivum cv. Chinese Spring spacer that separates 26S 
and 18S rRNA genes in the clone pTA250 (Gerlach and 
Bedbrook 1979) was cloned in pBR322 as described in the 
preceding paper (Appels and Dvorak 1982). The plasmid pTA 
250.4, containing the spacer region, was digested with BamH1 
endonuclease to release the insert and fractionated electro- 
phoretically on 1% agarose gel in the presence of ethidium 
bromide. The gel was viewed under UV light, the required 
band was cut out and electroeluted. Ethidium bromide was 
removed from the DNA sample by four extractions with 
water-saturated iso-amylalcohol. DNA was precipitated by 
adding 1/10 volume sodium acetate (pH 5.5), two volumes 
95% ethanol and chilling to -70~ centrifuged at 10,000 rpm 
(30 min) in Sorval centrifuge, dried, redissolved in 0.01 M Tris- 
HC1, pH 8.0, 0.001 M EDTA (TE) and digested with HhaI 
endonuclease. The digested DNA was electrophoretically 
fractionated in 2% agarose gel. The "750" bp long fragment 
and the population of "130" bp repeated units (Appels and 
Dvoi'~ik 1982) were isolated as described above. These were 
32P-labelled by nick-translation as described in the accompa- 
nying paper. 

A Tm Determination of Hybrid DNA Molecules 

DNAs were isolated from individual seedlings, populations of 
seedlings, or from seedlings grown from seeds harvested from 
open pollinated plants, utilizing a technique described in the 
preceding paper (Appels and Dvoffik 1982). DNA hybridiza- 
tion with "130" bp and "750" bp probes and Tm determina- 
tions were carried out as described in the preceding paper. A 
single DNA preparation of Chinese Spring was used in all 
experiments as a standard of homologous reassociation. 

Restriction Endonuclease Analysis of Genomic DNA s 

DNA was digested with the required enzyme and subjected to 
electrophoresis in 1.0% or 2.0% agarose gels in the presence of 
ethidium bromide. The gels were photographed under UV 
light and denatured DNA was then transferred onto "gene 
screen" membranes (New England Nuclear) and hybridized 
with the required radioactive probes (see Appels and Dvoffik 
1982). The membranes were extensively washed in 2•  
0.1% SDS, dried and autoradiographed. 

R e s u l t s  

Chromosome Differentiation Between the T. timopheevii 
and T. turgidum Lineages 

Polyploid  wheat  species can be a l located into two 
lineages,  one  is compr i sed  o f  T. turgidum L. em. Morris  
et Sears ( 2 n = 4 x = 2 8 ,  g e n o m e  formula  AABeB e) and  

T. aestivum L. era. Thel l  (2n = 6x = 42, g e n o m e  formula  
A A B e B e D D )  whereas  the o ther  o f  T. timopheevii (Zhuk)  

Zhuk.  ( 2 n = 4 x = 2 8 ,  g e n o m e  fo rmula  AABtB t) and  

T. zhukovskyi Men. et Er. ( 2 n = 6 x = 4 2 ,  g e n o m e  for- 
mu la  AAAABtBt) .  Most  o f  the c h r o m o s o m e s  o f  the A 

g e n o m e  in both te t raploids  pair  well  with the chro-  
mosomes  o f  e inkorn  wheat ,  T. monococcum L. em. 
Bowden  (Kihara  1924; Sachs 1953). However ,  in bo th  
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lineages the chromosomes of  the B genome do not pair 
well with chromosomes of  any diploid species, or with 
each other in the interlineage hybrids (Lilienfeld and 
Kihara 1934; Feldman 1966). Similar disparity in the 
extent of  pairing with the chromosomes of  the pre- 
sumed ancestors and related genomes in other poly- 
ploid species, has been observed in most polyploid spe- 
cies in the genus Triticum. The two wheat lineages pro- 
vide a suitable model system for the assessment o f  the 
significance of  structural chromosome changes in the 
evolutionary differentiation ofgenomes.  

Two lines o f  T. tirnopheevii ssp. araraticum (further 
referred to as T. araraticum), 1760 and 2541, used in the 
following experiments represent an extreme of  trans- 
location polymorphism observed in T. araraticum 
(Tanaka etal. 1979). A hexavalent (a chain) plus a 
quadrivalent (ring) were observed in their hybrid in- 
dicating that they differ by three translocations, two 
sharing a common chromosome and an independent 
one involving two other chromosomes. 

The two lines were hybridized with Chinese Spring 
ditelosomics. The pairing behaviour o f  each telosome 

and total chromosome pairing in each hybrid were 
determined. A telosome derived from a Chinese Spring 
chromosome which did not differ by a translocation 
from the T. araraticum chromosome was expected to 
pair in a monotelo-bivalent (tl u, see Fig. 1 a-c) .  How- 
ever, in exceptional cases a monotelo-trivalent (t2 m) or 
a monotelo-quadrivalent  (t3 TM) could potentially occur 
as a consequence of  homoeologous pairing involving 
chromosomes of  the remaining genomes. A telosome 
derived from a Chinese Spring chromosome which 
differed by a translocation from the T. araraticum 
chromosome was expected to pair in a monotelo- 
trivalent or monotelo-quadrivalent  in addition to pair- 
ing in a monotelo-bivalent. I f  the chromosome was 
involved in two or more translocations, the telosome 
was expected to pair in higher valency multivalents, 
such as t4 v or t5 vI. 

Data in Table 1 show that the chromosomes of  
Chinese Spring differed from the chromosomes of  line 
1760 by a number  o f  translocations in both genomes. 
The present technique did not allow the determina- 
tion of  the specific arm of  a chromosome involved in a 

Fig, l a - d .  MI ceils in hybrids, Chinese Spring double monotelosomics x T. araraticum t760. a shows telosomes 1AL and 1BL 
pairing in different bivalents (arrows), Note that one of the telosomes is pairing with a satelited chromosome, b, c show telosomes 
2AS and 2BL pairing in different bivalents, as weIl as 5AL and 5BL (respectively). d AI cell in a hybrid (4AL•215 Z ararati- 
cure 1760 showing telosome 4AL involved in a bridge (double arrows). The univalent telosome 4Ba is dividing equationally (single 
arrows) 
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Table 1. Pairing of  Triticum aestivum telosomes in hybrids between T. aestivum ditelosomics (DT) and T. araraticum lines 1760 and 
2541 

Hybrid Plants Cells Percent of  cells with telosome 
pairing in 

Average number  of configurations per cell 

t t tl ii t2 Iu t3 TM Other I II II III IV V VI 
rod ring 

DT 1AS • 1760 1 111 44.0 51.3 3.6 1.0 19.2 4.8 0.6 0.8 0.1 0.4 0.1 
DT 1AL• 1760 4 203 18.1 78.3 3.6 0.0 15.9 5.3 0.8 1.1 0.5 0.2 0.1 
DT 2AS x 1760 1 64 15.6 82.8 1.6 0.0 18.9 4.3 0.9 1.1 0.2 0.5 0.0 
D T 3 A L x  1760 3 128 31.6 16.2 4.2 46.6 0.6 (t4v) ~ 16.1 5.0 1.3 1.2 0.6 <0.1 0.0 

0.8 (t5 vm) 
D T 4 A L x  1760" 2 90 78.9 15.6 5.6 0.0 17.9 4.1 1.3 1.2 0.2 0.4 <0.1 
DT 5AL•  1760 3 139 9.1 90.4 0.5 0.0 17.0 5.4 0.8 1.0 0.3 0.3 <0.1 
D T 6 A L •  1760 3 113 12.6 75.1 8.5 3.5 13.5 5.2 1.2 1.1 0.4 0.5 0.1 
D T 7 A S  • 1760 2 110 10.9 84.5 4.5 0.0 19.3 5.1 1.3 0.9 0.1 0.0 0.0 
DT 7AL x 1760 2 78 21.9 29.6 20.5 28.1 20.0 4.4 1.3 0.5 0.4 <0.1 <0.1 

DT 1BLx 1760 3 157 62.9 36.2 0.9 0.0 14.6 4.7 1.9 1.1 0.2 0.5 0.1 
DT 2BL x 1760 3 143 48.9 49.0 2.0 0.0 18.0 4.0 1.6 1.2 0.2 0.3 < 0.1 
DT 3BLx  1760 1 71 84.5 9.8 5.6 0.0 14.7 5.1 1.3 1.0 0.5 0.5 0.0 
D T 4 B a x  1760 a 3 160 91.3 3.0 2.5 1.3 1.3(t4v) c 13.6 3.9 1.7 1.8 0.4 0.4 0.2 

0.6(t5 vI) 
DT 5BL • 1760 2 116 67.2 32.7 0.0 0.0 19.7 4.1 1.2 0.9 0.2 0.2 0.0 
DT6BS • 1760 5 298 90.6 9.4 0.0 0.0 16.8 4.3 1.6 1.1 0.4 0.3 0.0 
DT7BS • 1760 1 55 90.4 7.3 0.0 1.8 15.4 4.9 1.5 0.9 0.4 0.5 0.0 
D T 7 B L x  1760 1 1t7 74.3 23.1 2.5 0.0 18.6 4.8 0.9 0.9 0.2 0.3 0.0 

DT 1ALX2541 3 149 17.5 82.5 0.0 0.0 21.0 4.4 1.7 0.6 <0.1 0.0 0.0 
D T 2 A S  x2541 1 53 32.1 66.0 1.8 0.0 19.8 5.1 1.6 0.6 0.0 0.0 0.0 
DT 3AL x 2541 3 112 51.4 45.7 2.9 0.0 20.9 4.2 2.4 0.3 < 0.1 0.0 0.0 
D T 4 A L •  a 4 234 90.6 9.4 0.0 0.0 21.3 4.3 1.8 0.5 <0.1 0.0 0.0 
DT 5AL X2541 3 113 18.3 80.9 0.8 0.0 20.7 5.0 1.5 0.4 <0.1 0.0 0.0 
DT 6AL • 2541 3 149 30.0 53.6 15.4 1.0 20.4 4.6 2.3 0.4 < 0.1 0.0 0.0 
D T 7 A S  x2541 3 166 39.0 61.0 0.0 0.0 22.3 4.3 1.4 0.4 <0.1 0.0 0.0 

DT 1BLx2541 2 83 91.6 8.4 0.0 0.0 22.1 4.1 1.9 0.3 0.0 0.0 0.0 
DT 2BL x 2541 2 111 71.9 27.3 0.8 b 0.0 22.1 4.5 1.5 0.3 0.0 0.0 0.0 
DT 3BLx2541 3 183 83.0 27.0 0.0 0.0 20.9 4.3 1.9 0.5 0.1 0.0 0.0 
DT 4Bax2541  a 1 177 96.6 3.4 0.0 0.0 19.5 4.9 1.9 0.6 <0.1 0.0 0.0 
DT 5BLx2541 3 291 88.8 11.2 0.0 0.0 24.3 3.7 1.1 0.3 0.0 0.0 0.0 
DT 6BS x 2541 2 203 86.5 12.0 1.6 b 0.0 23.0 3.6 1.7 0.4 0.1 0.0 0.0 
DT 6BL x2541 2 106 77.3 21.7 1A b 0.0 22.0 4.4 1.5 0.4 0.0 0.0 0.0 
DT 7BLX 2541 3 161 89.9 10.1 0.0 0.0 21.6 4.4 1.9 0.2 <0.1 0.0 0.0 

a Assignment of chromosomes 4A and 4B into genomes was exchanged (Dvo~fik, in preparation) 
b In view of the low pairing of the B genome chromosomes in hybrids involving line 2541, these figures are considered to reflect the 
presence o f a  translocation 

It could possibly be argued that finding of fewer translocation differences between Chinese Spring and line 254l than between 
Chinese Spring and line 1760 was caused by poorer overall pairing which reduced the probability of crossing over in short translo- 
cared segments. Evidence answering this potential criticism comes from the observation that one of the two T. araraticum lines has 
additional translocations relative to the other one, importantly, two of them sharing a common chromosome. There seems to be 
little doubt  that it is line 1760 which differs by more translocations from Chinese Spring. Quinquevalents and higher valency multi- 
valents indicating the presence of two translocations sharing a common chromosome occurred only in hybrids involving line 1760. 
Data in the Table show that these two translocations involve chromosomes 3A, 4B, and 7A; the latter chromosome is implicated by 
the absence of  the quinquevatent  in hybrids lacking arm 7AL which presumably has the pairing segment leading to the quinque- 
valent and hexavalent formation 

t r a n s l o c a t i o n  a n d  t hus  a s s i g n m e n t s  were  c o n f i n e d  to 

the  en t i r e  c h r o m o s o m e s .  In  the  A g e n o m e  t r ans loca -  

t ions  i n v o l v e d  c h r o m o s o m e s  1A, 3A, 4A, 6A a n d  7A (as 

j u d g e d  f rom the  % o f  cells  c o n t a i n i n g  the  t2 m, or  h igher ,  

con f igu ra t i on ) .  C h r o m o s o m e  3A was i m p l i c a t e d  in two 

t rans loca t ions .  Cells  wi th  a t e l o m u l t i v a l e n t  o b s e r v e d  in  

h y b r i d s  i n v o l v i n g  t e lo somes  2AS a n d  5AL were  too  

i n f r e q u e n t  (a s ingle  cell was  o b s e r v e d  in each  case) to 
b e  a t t r i b u t e d  to a t r a n s l o c a t i o n  he te rozygos i ty .  As  

d i scussed  a b o v e  they  ve ry  l ikely o r i g i n a t e d  f rom p a i r i n g  
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Table 2. Pairing of Triticum aestivum telosomes in hybrids between double monotelodisomics and T araraticum lines 1760 and 2541 

Hybrid Cells Percent of cells with telosomes paired inb: 

t H (t+t)l III t lU+tl  n t2m+tl  n t31V+tl n t l l I+t  I t21II+tI t3IV+t ! t I+t  I 

(1BL• 1AL)• 1760 83 0.0 0.0 56.0 3.6 9.6 22.0 1.2 2.4 4.8 
(2BL • 2AS) • 1760 83 0.0 0.0 33.0 0.0 0.0 48.0 1.2 0.0 18.0 
(4AL • 4Ba) • 1760" 148 0.6 0.6 0.6 3.3 0.1 13.5 10.8 5.3 63.5 
(5AL • 5BL) • 1760 138 0.0 0.0 14.5 0.0 0.0 68.8 >0.1 >0.1 14.5 
(5AL • 5BL) • 2541 154 0.0 0.0 5.2 0.0 0.0 69.0 0.7 0.0 24.7 

" Chromosomes 4A and 4B were reallocated in their genome assignment (Dvo~fik, in preparation) 
b t stands for one telosome and the Arabic numerals specify the number of whole chromosomes in each pairing configuration. 
Superscripts specify the valency of the configurations (univalent, bivalent, trivalent, etc.) 

with a homoeologous chromosome from the B or the D 
genome. In the B genome, the translocations involved 
chromosomes 3B, 4B, 7B, and possibly 2B. Of  these, 4B 
appeared to be implicated in two translocations. 

The total chromosome pairing was almost invari- 
ably lower in hybrids involving T. arara t i cum line 2541 
than in those involving line 1760 (Table 1). The same 
trend was seen in the pairing frequencies of  virtually all 
telosomes (Table 1). This indicated that the genotypes 
o f  the two T. ararat icum lines differed in their influence 
on heterogenetic pairing; the interaction between the 
genotype o f  Chinese Spring and line 1760 apparently 
creates more favorable conditions for MI chromosome 
pairing than that between Chinese Spring and line 
2541. 

Hybrids involving line 2541 showed fewer translo- 
cation differences. The A genomes differed by break 
points in chromosomes 3A and 6A and the B genomes 
differ by a break point in chromosomes 6B and pos- 
sibly in 2B. The two cells with a monotelo-trivalent that 
occurred in hybrids involving telosomes 2AS and 5AL 
(a single cell in each hybrid) probably did not reflect a 
translocation difference. This interpretation is based on 
the fact that these two telosomes paired with particu- 
larly high efficiencies (as judged from the frequency 
of t ln ) .  

Since the parental genotypes differed by several 
translocations, it was impossible to ascertain, by this 
technique, which two of  the several possible chromo- 
somes were involved in a specific translocation. It was 
however important, for the interpretation o f  the data, to 
determine whether or not the translocations occurred 
between homoeologous chromosomes since that could 
indicate that they originated from recombination due to 
heterogenetic pairing between A and B genome homo- 
eologues. This was tested by crossing double monotelo- 
disomics with T. ararat icum.  In these hybrids the A and 
B genome homoeologous chromosomes under investi- 
gation were marked by being telocentric. I f  a transloca- 

tion involved homoeologous chromosomes, both telo- 
somes were expected to occasionally pair in the same con- 
figuration, such as ditelo-trivalent, (t + t)l m. Except for 
two cells in a hybrid having the telosomes o fhomoeo lo -  
gous group 4, telosomes did not pair in the same con- 
figuration, even though cells with both telosomes paired 
in different configurations were observed in all combi- 
nations (Table 2 and Fig. 1 a - c). In one of  the two cells 
the telosomes paired in a ditelobivalent (tII). This con- 
figuration could arise either due to residual homoeolo-  
gous pairing or to the presence o f  a nonreciprocal trans- 
location in T. aes t ivum,  resulting in a duplication of  orig- 
inally homologous chromatin in homoeologous arms. 
In addition to pairing in the ditelobivalent the 4AL and 
4Ba telosomes also paired in a telo-trivalent. Thus, of  
the chromosomes investigated 4A and 4B are the only 
candidates for the presence o f  a translocation between 
homoeologous chromosomes. Most o f  the other translo- 
cations that differentiate the A and B genomes of  T. 
aes t ivum and T. arara t icum (Table 1) occurred between 
nonhomoeologous chromosomes. 

Since telosomes can be recognized from other chro- 
mosomes not only at MI but also at anaphase I (AI), 
they can be used as markers to identify chromosomes 
involved in the AI bridges which indicate heterozygos- 
ity for a paracentric inversion (Fig. 1 d). Both T. arara-  

t i cum lines appeared to differ from Chinese Spring by 
an inversion in arm 4AL. A large fragment was always 
associated with the bridge (Fig. 1 d), thus, the inversion 
must be proximally located in the arm. In addition, line 
1760 differed from Chinese Spring by another inversion 
in 1AL (Table 3). In the comparison involving line 
2541, in addition to the inversion in 4AL, there was 
heterozygosity for an inversion in 1BL and possibly in 
5BL (Table 3). Thus these data suggest that differences 
due to paracentric inversions are present in only a few 
of  the chromosome arms. Consistent with this conclu- 
sion is the fact that a maximum of  only 3 bridges per 
cell were observed even though 2447 cells were scored. 
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Table 3. Numbers ofanaphase I cells with designated number of inversion bridges per cell in hybrids 
Triticum aestivum ditelosomics • T. araraticum lines 1760 and 2541 

Telosome 1760 2541 

No. of bridges in a cell No. of bridges in a cell 

0 1 2 3 0 1 2 3 

1AS 43 3 0 0 . . . .  
1AL 124 17+2 b 3 0 100 9 0 0 
2AS 79 20 2 1 . . . .  
3AL 31 4 0 0 38 7 0 0 
4AL a 91 9 + 4  ~ 2 0 69 4 + 3  b 1 0 
5AL 68 15 1 1 54 5 0 0 
6AL 5 3 0 0 71 8 0 0 
7AS 138 27 1 0 99 7 0 0 
1BL 84 15 0 0 95 9+ 1 b 0 0 
2BL 68 6 0 0 75 6 0 0 
3BL . . . .  60 3 0 0 
4B a 100 26 2 0 57 7 0 0 
5BL 43 10 0 0 168 11 0 0 
6BS 96 16 1 1 90 6 0 0 
6BL . . . .  121 11 0 0 
7BL 84 16 0 0 . . . .  

a Chromosomes 4A and 4B were realoated in their genome assignment (Dvo~fik, in preparation) 
The second number indicates the number of cells in which the telosome was involved in the 

anaphase I bridge 

The Relationship Between Genome Differentiation and 
the A mount o f  Heterochromatin 

In  this sect ion the ques t ion  o f  whe the r  changes  occur  in 

the a m o u n t  o f  h e t e r o c h r o m a t i n  c o n c o m i t a n t  with the 

evo lu t ion  o f  po lyp lo ids  was examined .  In  par t icu la r  it 
was o f  interest  to find any  consis tent  pa t te rn  be tween  

h e t e r o c h r o m a t i n i z a t i o n  o f g e n o m e s  and  the loss o f  pair-  
ing  be tween  the respect ive  c h r o m o s o m e s  and  the chro-  

m o s o m e s  o f  the ancest ra l  species. To  assay change  in 
c h r o m o s o m a l  h e t e r o c h r o m a t i n  all the  d ip lo id  and  poly-  

p loid  Triticum species were  C - b a n d e d .  

Whi le  there is agreement ,  for wheat  species, be-  

tween the a m o u n t  o f  h e t e r o c h r o m a t i n  in c h r o m o s o m e s  
and their  abi l i ty to pair  with the c h r o m o s o m e s  o f  the 
ancestral  species ( Johnson  and  Dha l iwa l  1978), no  such 

re la t ionship  was ev ident  in the r e m a i n i n g  po lyp lo ids  in 
the genus Triticum (all ava i lab le  data  not  shown).  To  

i l lustrate this point,  two examples  are shown in Fig.  2. 
The  c h r o m o s o m e s  o f  the D g e n o m e  in T. ventricosum 
Ces. (genome  formula  D D M V M ~  pair  well  wi th  the 

c h r o m o s o m e s  o f  the ancestral  T. tauschii (Coss.) 
Schma l  (genome formula  D D ,  K iha ra  1940) whereas  
the c h r o m o s o m e s  o f  the M g e n o m e  pair  poor ly  in all 

Fig. 2. C-banded chromosomes of  T. ventricosum and T. variabilis 
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hybrid combinations investigated so far (Kihara 1963). 
All fourteen chromosome pairs in T. ventrieosum, how- 
ever, possess extensive (and approximately equal) 
amounts of heterochromatin (Fig. 2). A similar situa- 
tion pertains in T. variabilis (Boiss.) comb. nor. (genome M 
formula UUBVBV). The U genome chromosomes (origi- E 
nally designated by Kihara as C u) pair well in all hybrids L 6ooc_ 
involving other species having this genome whereas the T 
B v genome chromosomes (originally designated by Ki- [ 
hara as S0 consistently pair poorly (Kihara 1963), and N 
yet all fourteen chromosome pairs of  T. variabilis have G 
similar amounts ofheterochromatin. 

The two species, T. ventricosum and T. variabilis, 
also proVide good examples of  major changes in the 
amount of  chromosomal heterochromatin occurring in 
the evolution of Triticum polyploids. The D genome 
present in the diploid T. tauschii and polyploids such as 
T. aestivum (Gill and Kimber 1975; Gerlach 1977; 55oc- 
Peacock et al. 1981), 7". crassum (Boiss.) Aitch et Hensl, 
T. vavilovii (Zhuk.) McGuire et Dvo~fik and T. juvenale 
Thell. (results not shown) have little heterochromatin. 

P In contrast T. ventricosum (Fig. 2) must contain a D ge- 
nome with extensive regions of heterochromatin. The O 
polyploid T. variabilis, like the polyploid wheats, has a ] 

N B genome that evolved from a genome of a species of Y 
the section Sitopsis of the genus Triticum (Kihara 1963). 
The chromosomes of all the species in this section 
(T. speltoides, T. longissimum, T. sharonense, T. searsii, 
T. bicorne) are diploid and have prominent terminal, 5o~ - 
heterochromatic, bands (data not shown). Terminal C- 
bands are either small or absent in the polyploid wheat 
species (Gill and Kimber 1975; Dvo~fik unpublished) as 
well as in the polyploid T. variabilis (Fig. 2). 

The Relationship Between the Nucleotide Sequence 
Change and Genome Differentiation 

In the preceeding paper (Appels and Dvo[fik 1982) it 
was shown that the spacer nucleotide sequences that 
separate rRNA genes (rDNA) are polymorphic within 
the gene pools of T. aestivum and T. turgidum ssp. 
dicoceoides (further referred to as T. dicoccoides). Com- 
parison of the wheat repeated "130" bp component and 
non-repeated "750" bp component of the Chinese 
Spring spacer with rye indicated that these nucleotide 
sequences must be evolVing at a rate exceeding that of  
the genes they separate. The extent of  differentiation of 
these sequences among closely related species was 
assessed by isolating DNA from all diploid Triticum 
species, except T. tripsacoides (Jaub. et Spach.) Bow- 
den, and several representative species of  the genera 
Elytrigia and Seeale. The molecular hybrids between 
these DNA preparations and the "130" bp and "750" 
bp spacer sequences were examined (Figs. 3, 4). The in- 
vestigation of several populations and a number of ac- 

. . . . . .  T r i t i cum a e s t i v u m  (cv. Chinese Spring) A B e D  

. . . . . .  T. t u r g i d u m  ssp. d i c o c c o i d e s  A B  e 

. . . . .  T, t i m o p h e e v i i  ssp. a r a r a t i c u m  A B  t 

. . . . . .  T. s p e l t o i d e s  B s 

. . . . . .  T. t i m o o h e e v i i  ssp.  t i m o p h e e v i  A B t 

. . . . .  T. d i chas ians  C 

. . . . . .  T, b i c o r n e  B b 

: ~ " " - z  T. sea rs f i  B I 
. . . . .  72 s h a r o n e n s e  B I 

: -z--z:  T. I o n g i s s i m u m  g I 

T. c o m o s u m  K 
T. u m b e l l u l a t u m  U 

T. u n i a r i s t a t u m  i 

T. t a u c h i i  D 

. . . . . .  E ly t r ig ia  sc i rpea  ESE se 

. . . . . .  E. e l o n g a t a  E s 

. . . . . .  72 u r a r t u  A 

. . . . . .  T, m o n o c o c c u r n  ssp. b o e o t i c u m  A 

. . . . . .  Seca le  m o n t a n u m  R m 

. . . . . .  S. ce rea le  (cv. Imperial) R e 

Fig. 3. Tm's of molecular hybrids between the '130' bp se- 
quences of an rDNA spacer of T. aestivum cv Chinese Spring 
with the DNA's of designated species. The Tm of the hybrid 
with Chinese Spring (63 ~ is used as a standard. The values 
for T. dicoccoides, T. timopheevii ssp. araraticum, T. speltoides 
and T. tauschii are means based on the DNA preparations 
from 46, 6, 51 and 8 plants, respectively. The remaining values 
are based on single DNA preparations from a number of seed- 
lings of a single accession. The letters following each species 
designate the respective genomic formulae 

cessions of T. dicoccoides in the preceding paper (Ap- 
pels and Dvo~fik 1982) indicated that polymorphism of  
both sequences (as measured by ATm's relative to a 
Chinese Spring standard) within the species did not ex- 
ceed 2.2 ~ This ATm translates to a maximum of 2.6% 
nucleotide difference, using a conversion factor 
1 ~  1.2% nucleotide mismatch (Appels and Dvo~fik 
1982). The average ATm of the T. dieoccoides plants 
was 1 ~ C. 

Molecules of "130" bp sequence reassociated with 
DNA of six individuals of  T. araraticum (each selected 
randomly) had Tm's ranging from 60.2~ to 61.0~ 
with a mean ATm of  2.5 ~ virtually all falling outside 



356 Theor. Appl. Genet. 63 (1982) 

M 
E 
L 
T 
I 

N 6ooc_ 
G 

P 
0 

I 
N 6soc- 
T 

Tr i t i cum a e s t i v u m  (cv. Chinese Spring) A B e D  
. . . . . .  T. t u r g i d u m  ssp. d l cocco ldes  AB e 

. . . . . .  T. t i m o p h e e v i i  ssp. a r a r a t i c u m  A B  t 

. . . . . .  T. spe l t o i des  B s 

. . . . . .  T. b i c o r n e  B b ~ |  T. t ausch i i  D BI 

. . . . . .  E ly t r ig ia  l i bano t i ca  ~ T. s h a r o n e n s e  

. . . . . .  T. u m b e l l u l a t u m  U T. d i chas ians  C 

. . . . . . .  T. u r a r t u  A T, I o n g i s s i m u m  g I 
. . . . . .  T. m o n o c o c c u m  ssp. b o e o t i c u m  A 
. . . . . .  T. c o m o s u m  K 
. . . . . .  T. u n i a r i s t a t u m  M E. sc i r pea  ESE sc 

. . . . . . .  S e c a l e  m o n t a n u m  R m 

. . . . . .  S. c e r e a l e  B e  

Fig. 4. Tm's of molecular hybrids of the '750' bp sequence with 
the designated DNA's. Chinese Spring (63 ~ is the standard. 
The value for T. dicoccoides is a mean based on the DNA 
preparations from 17 individuals while the remaining values 
are based on single DNA preparations from a number of 
plants of a single accession. The letters following each species 
designate the respective genomic formulae 

of the range obtained for T. dicoccoides. Since in inter- 
specific hybrids involving T. araraticum the Chinese 
Spring telosomes, 1BL (Fig. 1 a) and 6BL (not shown) 
paired with satellited chromosomes, there is little doubt 
that the two major sites of rDNA in T. araraticum are 
in the B genome and correspond to those present in the 
1BS and 6BS chromosome arms of Chinese Spring. 
Thus, the nucleotide sequences of the "130" bp re- 
peated component (Fig. 3) and the "750" bp non- 
repeated component (Fig. 4) of rDNA spacer has 
diverged by an average of 3% and 2% of nucleotides, 
respectively, between the two wheat lineages. Interest- 
ingly, the "130" bp sequences of the single accession of 
the cultivar T. timopheevii ssp. timopheevii that was 
investigated showed a difference in Tm from those of 
Chinese Spring that was twice that of the "130" bp 
sequences of  the wild ssp. araraticum (Fig. 3). 

Among the diploid species the smallest ATm oc- 
curred in the hybrid DNA molecules involving T. spel- 
toides; this was true for both "130" and "750" bp 
sequences. To assess polymorphism of these sequences 
in this species, DNAs were isolated from individuals 
randomly collected from 27 individuals of two popula- 
tions of the awned form ligustica (populations Ha and 
Israel) and 23 individuals collected from three popula- 
tions of the awnless form aucheri (populations San, G, 

and F) hybridised with wheat "130" bp sequences. The 
ATm's of these hybrid molecules varied among in- 
dividual plants as in the T. dicoccoides populations. The 
ligustica populations showed larger ATm's from the 
Chinese Spring standard than the aucheri populations 
(Fig. 5). The populations Ha and San are large enough 
to permit a comparison. The mean ATm in the Ha 
population was 4.3 ~ whereas it was 3.0 ~ in the San 
population; the difference between the means is sig- 
nificant (t-test, P = 0.05). 

The variation of ATm's within T. speltoides (Fig. 5) 
and T. dicoccoides can be used to estimate the polymor- 
phism in Triticum species, assuming that these two 
species are not exceptional. The range of the variation 
was 1-3 ~ Taking this into account a clear implica- 
tion from the ranking shown in Fig. 3 ("130" bp probe) 
and Fig. 4 ("750" bp probe) is that both the "130" bp 
and "750" bp nucleotide sequences of T. speltoides are 
more closely related to those in Chinese Spring than 
those of other species of the section Sitopsis. The 
Sitopsis species are, as a group, more related to the 
Chinese Spring sequences than the remaining diploid 
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Fig. 5. Tm's of molecular hybrids of the '130' bp sequences 
with the DNA's of plants from 5 T. speltoides populations. The 
length of the lines specify the numbers of plants having a 
specific Tm 
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Fig. 6. Autoradiogram of a Southern analysis of DNA's from 
the species indicated, digested with Hae III and hybridized with 
the '130' probe 

Triticum species. Particularly striking is the finding that 
the "130" bp sequences of T. monococcum and T. urartu 
are as differentiated from Chinese Spring as are those 
of the Elytrigia species. 

Digestion of the genomic DNAs of diploid Triticum 
species with Hae III endonuclease, which cleaves wheat 
spacer into "130" bp repeats, and probing the digests 
with wheat "130" bp sequences showed that the in- 
vestigated genotypes of  all diploid goatgrasses have the 
"130" bp periodicity in their spacers (Fig. 6). In acces- 
sion 3135 of T. urartu the H a e I I I  site was entirely 
absent from the spacer and no indication of repeated 
organization was evident (results not shown). In tetra- 
ploid Elytrigia scirpea virtually all Hae III  sites were 
absent from the "130" bp region of the spacer. 

When the Hae III digests of  the genomic DNAs 
were probed with the "750" bp wheat sequence it 
appeared that all species of Sitopsis, except for T. spel- 
toides, had the same fragment length as Chinese Spring 
and the most common variant of T. dicor (Fig. 7). 
Two of  the three major fragments cleaved from the 
"750" bp sequences in T. speltoides were longer than in 
wheat (Fig. 8). All of the 50 plants investigated showed 
this pattern. The organization of the major variant in 

Figs.7-9. 7 Autoradiogram of a Southern analysis of DNA's from the species indicated after digestion with Hae III and hybridiza- 
tion with the '750' probe. 8 Autoradiogram of a Southern analysis of DNA's from individuals from a T. speltoides f. ligus- 
tiea population (Ha) and f. aueheri population (San) after digestion with Hae III and hybridization with the '750' bp probe. All 
the individuals examined had the same pattern as the ones shown. 9 Autoradiograms of Southern analyses of DNA's isolated from 
individual plants from T. speltoides f. ligustica and s aueheri populations, after digestion with Taq I and hybridization with the '750' 
bp probe 
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six accessions of T. araraticum was similar but not 
identical to that of  Chinese Spring. Entirely different 
fragment patterns were observed in the remaining 
goatgrasses, and T. monococcum ssp. boeoticum (referred 
to as T. boeotieum) and T. urartu (Fig. 7). As in the 
ATm's the greatest similarity with wheat was again 
among the species of  the section Sitopsis. 

The genomic DNAs of seven accessions of T. arara- 
ticum, 42 individuals of  T. speltoides (from five popula- 
tions) and one from each remaining species of the 
section Sitopsis, seven from T. tauschii and one from 
T. monocoecum were digested with Taq I endonuclease. 
This enzyme defines the major spacer fragment in 
T. aestivum and can be assayed by either the "130" or 
"750" bp sequences. Probing the digests with the "750" 
bp sequence showed that the minor 1.8 kb fragment 
present in Chinese Spring chromosome 5D (Appels and 
Dvo~fik 1982) was contributed by T. tauschii in which it 
is the most common length variant. The four accessions 
of  T. tauschii that had this 1.8 kb fragment had also one 
or two minor fragments 2.3, 2.5, or 2.7 kb long. Three 
other major spacer variants were observed. In acces- 
sions RL 5495 and 5289, 1.8 and 1.9 kb fragments, 
respectively, were prominent and in RL 5257 only the 
2.2 kb fragment was observed. Five of the seven DNAs 
of the T. araraticum accessions (all from Iran) had 
Taq I fragments 2.3 kb long, one 2.4 kb, and one 2.5 kb 
long. 

In T. speltoides eight length variants of  the Taq I 
fragment were observed among 22 individuals of the 
ligustica population designated Ha (some examples 
shown in Fig. 9). The most common variant was a 
2.6 kb fragment to which a minor 2.4 kb variant was 
allelic. In the other locus the major variant was 3.1 kb 
long with allelic variants 3.5 and 4.4 kb long. Several 
other fragment lengths, 1.6 kb, 1.7 kb and 3.0 kb, were 
also observed. Five length variants, 2.7, 2.8, 3.1, 3.7 and 
4.0 kb, were observed among 12 individuals of aucheri 
population San. It is interesting to note that not only 
ATm's of the aucheri plants, using Chinese Spring as a 
standard, were smaller than those of the ligustica plants 
but also the lengths of  the Taq I fragments were more 
similar to those characterizing Chinese Spring than 
those of the ligustica form. The Taq I fragment length 
in a single accession of T. searsii was 2.7 kb. Two frag- 
ments occurring in an accession of T. longissimum were 
2.6 and 2.7 kb. In a single accession of T. sharonense 
(D-61-33-1) two Taq I fragments were observed, 2.8 and 
3.1 kb long. 

Discussion 

The understanding of chromosome evolution of the 
agronomically important Triticum species has relied 

almost entirely upon the analysis of pairing at meta- 
phase I of meiosis in interspecific hybrids. The central 
observation that emerged from such analyses on 
various polyploid species of the genus Triticum was a 
markedly varying degree of differentiation between 
ancestral genomes of diploid species and correspond- 
ing genomes in polyploid species (Kihara 1963; Lilien- 
feld 1951). To explain this observation several 
mechanisms of chromosome differentiation were postu- 
lated. The differential introgression model (Zohary and 
Feldman 1962) assumed that hybridization between 
two polyploid species of, for example, genomic 
formulae AABB and AACC would allow the A genome 
to act as a buffer while the B and C genomes recom- 
bined. Although this hypothesis appears attractive 
there is no experimental evidence indicating that this 
process accounts for the uneven rate of genome dif- 
ferentiation in any of the polyploid Triticum species 
(Kihara 1963). 

The differential heterochromatinization model (for 
a recent discussion see Dhaliwal and Johnson 1982) 
postulated that acquisition of extensive amounts of 
heterochromatin by a particular genome would result 
in a reduction of pairing with the original genome. The 
C-banding studies carried out here showed that most of 
the polyploid Triticum species were exceptions to the 
model, making it unlikely that heterochromatinization 
has a generalized effect on MI chromosome pairing. 

A further possibility, that of  uneven genome dif- 
ferentiation in polyploids by differential accumulation 
of major structural changes (inversions, translocations) 
was considered. The two parental genotypes of 
T. araraticum utilized, differed genetically in their 
influence on heterogenetic chromosome pairing. In 
the background of both genotypes good pairing with 
Chinese Spring occurred for A genome telosomes, ex- 
cept for 4AL, while all the B genome telosomes paired 
poorly. However the numbers of translocation and in- 
version differences between the chromosomes of the 
two species were not substantially greater in the B geno- 
me than in the A genome. Feldman (1966) obtained 
similar data for T. timopheevii ssp. timopheevii. Thus, it 
seems very unlikely that the different probabilities of 
pairing of the A and B genome chromosomes at MI in 
interspecific hybrids reflects the differential distribution 
of major structural changes. 

Dvo~/tk and McGuire (1981) observed that the poor 
pairing of B genome chromosomes relative to A geno- 
me chromosomes in interspecific hybrids observed here, 
and by others, also extended to intercultivar hybrids 
within T. aestivum. The authors postulated that the ob- 
servations were most readily accounted for by either 
uneven rates of nucleotide sequence change in the two 
genomes or an uneven impact on chromosome pairing 
of similar levels of nucleotide sequence change. The C- 
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banding data (Fig. 2) indicates that polyploid genomes 
can be subjected to dramatic quantitative changes in 
the heterochromatin and thus, presumably, certain clas- 
ses of repeated nucleotide sequences. Although in this 
instance the change did not correlate with the observed 
differential pairing of genomes it was of interest to 
assess whether other classes of sequences could also 
undergo such rapid changes and contribute to major 
nucleotide sequence differentiation between genomes. 

The analysis of the rDNA region carried out here 
and in the preceding paper (Appels and Dvofftk 1982) 
indicated: (i) high levels ofpolymorphism and, (ii) high 
rates of divergence among closely related species, in the 
nucleotide sequences of the spacer region. The compa- 
rison of  sibling polyploid wheat species showed that 
they differed on average in 3% and 2% ofnucleotides in 
the "130" bp and "750" bp regions of the spacer, re- 
spectively. 

The rates at which new variation in the rDNA re- 
gion, and very likely other classes of repeated nucleo- 
tide sequences, is generated appears to depend a great 
deal on processes other than spontaneous mutations. 
Data obtained in the preceding paper (Appels and Dvo- 
~fik 1982) and here showed that the new variation in the 
rDNA region occurs by stepwise "fixation" of a muta- 
tional event within the hierarchy of arrays of repeated 
units. 

cereal chromosomes. The evidence for this is most 
striking from the Taq I digests of the genomic DNA 
from individuals within populations of the species in- 
vestigated. Extensive polymorphism for the length of 
the Taq I fragment (assayed by "750" bp probe) from 
the spacer was observed within every species inves- 
tigated. In any one individual, the arrays of 9 kb units 
at an allelic rDNA region were usually monomorphic 
with respect to the length of the Taq I fragment. This 
very likely applies to the sequence per se of the 
respective spacer regions. The fact that differences in 
the Tm of the "130" bp probe hybridized to the rDNA 
spacers of different individuals of a species could be 
detected indicated that the arrays must be relatively 
homogeneous. Comparison of Hae III fragment patterns 
assayed using the "750" bp probe provided a further 
example of "fixation" at the level of the 9 kb rDNA 
unit. The two einkorn wheat species, T. monoeoccum 
ssp. boeoticum and T. urartu, are morphologically very 
similar and both show a ATm (relative to Chinese 
Spring) of 6 ~ with the "750" bp probe and 12.5 ~ 
with the "130" bp probe. The Hae III fragment patterns 
however show "fixation" of different size bands in the 
"750" bp region of the spacer in all units of the rDNA 
regions (it should be recalled that this probe assays the 
non-repeated part of a given spacer region). 

(i) "Fixation" of  a 130 bp Unit Within the Repeating 
Units of  the Spacer Region 

The evidence for this is most striking when the ATm's 
(relative to Chinese Spring) of the "130" bp sequence 
hybridized to E. scirpea and T. uniaristatum DNAs are 
compared to the  Hae III digestions of DNAs of these 
species. The ATm's are 10~ and 8.5 ~ respectively 
(Fig. 3) and thus the species differ from T. aestivum, at 
the nucleotide sequence level, to approximately the 
same degree. The digestion of T. uniaristatum DNA 
with Hae III shows the same "130" bp ladder as is seen 
in T. aestivum (Fig. 6) while E. scirpea shows no "130" bp 
ladder. The all or none difference in the Hae III sites 
relative to a similar degree of sequence difference 
assayed by ATm suggests a "fixation" of certain se- 
quence variants within the repeated array of "130" bp 
units. A similar argument can be put forward to ac- 
count for the slightly larger than "130" bp periodicity of 
the ladder seen for T. speltoides (Fig. 6) - in this case a 
variant 5-10 bp longer appears to have been "fixed" in 
the spacer region. 

(ii) "'Fixation'" of  the 9 kb rDNA Repeating Unit 

Concomitant with the preceding level of "fixation", a 
new variant can also spread throughout the 1,000-2,000, 
9 kb, rDNA units found in a given rDNA region of 

(iii) "'Communication '" Between Non-allelic rDNA 
Regions 

The organization o f rDNA clusters on chromosomes IB 
and 6B of T. aestivum is identical with respect to the 
location of  Hae III sites in the "130" and "750" bp 
spacer components (Appels and Dvo~tk 1982). The 
9kb units on these chromosomes do show some dif- 
ferences in that the ones on 1B contain 2-3 "130" bp 
units more than the units on 6B, while at a sequence 
level the "130" bp unit regions of 1B have a ATm of 
1 ~ relative to the 6B regions. Evidence for "com- 
munication" between the non-allelic rDNA regions of 
chromosomes 1B and 6B derives from a comparison of 
T. aestivum with T. araraticum. Both of these species 
have major rDNA locations on chromosomes 1B and 
6B (Appels and Dvo~ik 1982; Fig. 1 a). Thus the two 
rDNA regions must have existed in the ancestor of the 
two wheat lineages represented by T. aestivum and 
T. araraticum. While the difference in Tm (using the 
"130" bp probe) between T. aestivum chromosomes 1B 
and 6B is 1 ~ the difference between T. araraticum 
and T. aestivum was 2.7 times as great. Although these 
differences are small they suggest the rDNA regions of 
chromosomes 1B and 6B are not as divergent as 
expected and we postulate that some form of "com- 
munication" has occurred to maintain a co-evolution of 
the sequences in these 1B and 6B rDNA regions. 
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The observations on the extent and nature of  nu- 
cleotide sequence change in the r D N A  region provide 
good precedent  for expecting extensive nucleotide 
change within the cereal genomes in general;  similar 
observations have been made  recently in Drosophila 
(Coen et al. 1982). Nucleot ide  sequence change does 
not necessarily lead to a change in the chromosome 
pair ing propert ies  but  at present  it seems the most 
l ikely cause of  genome differentiat ion assayed by chro- 
mosome pair ing studies in interspecies crosses, as dis- 
cussed by Dvo~fik and McGui re  (1981). 
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