
Theor Appl Genet (1992) 83:305-312 

�9 Springer-Verlag 1992 

Nonhomoeologous translocafions between group 4, 5 
and 7 chromosomes within wheat and rye 

C.J. Liu, M.D.  Atkinson, C.N. Chinoy, K.M. Devos, and M.D. Gale * 
Cambridge Laboratory, Colney Lane, Norwich NR4 7UJ, UK 

Received March 5, 1991; Accepted May 16, 1991 
Communicated by J.W. Snape 

Summary. Genetic maps of wheat chromosome 4A and 
rye chromosome arm 5RL, and the chromosomal loca- 
tions of 70 sets of isozyme and molecular homoeoloci 
have been used to further define the structure of wheat 
chromosomes 4A, 5A and 7B, and rye chromosomes 4R, 
5R and 7R. We provide evidence, for the first time, which 
is consistent with the presence of an interstitial segment 
on 4AL originating from 5AL, and of a segment original- 
ly from 5RL on 7RS. The evolutionary origins of the 
present chromosomes are discussed. 
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Introduction 

Wheat (Triticum aestivum; 2n = 6x = 42, genomes AABB- 
DD), barley (Hordeum vulgare, 2n=2x=14 ,  genome 
HH) and rye (Secale cereale, 2n=2x=14 ,  genome RR) 
are all part of the tribe Triticeae and, presumably, these 
now distinct genomes were all derived from a single com- 
mon ancestor. Over the past two decades it has become 
increasingly clear that there remains much similarity be- 
tween the various Triticeae genomes, even though they 
have long been isolated. Evidence for homoeology was 
first demonstrated by the ability of chromosomes to 
compensate for one another in nullisomic-tetrasomic 
combinations (Sears 1954, 1966). Later more evidence 
was assembled from both induced intergenomic pairing 
and recombination within hexaploid wheat (Riley and 
Chapman 1958) and between the wheat genomes and 
those of related species (Naranjo 1982; Koebner and 
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Shepherd 1986), and from the concurrence of chromoso- 
mal and intrachromosomal locations of marker genes, 
particularly biochemical and molecular loci. These are 
often observed to be triplicated in wheat and have ho- 
moeoloci in one or more related species (see McIntosh 
et al. 1990). The most recent evidence derives from the 
detailed genetic maps that are beginning to emerge, such 
as for the homoeologous group 7 chromosomes of wheat 
(Chao etal. 1989), where the chromosomal location, 
order and genetic distances between markers is remark- 
ably conserved over the A, B and D genomes. 

The main disturbance to co-linearity of maps between 
genomes arises from intra- and interchromosomal trans- 
locations. Many intervarietal translocations have arisen 
since speciation, and an extensive, although probably not 
exhaustive list for wheat has been prepared by Schlegel 
and Schlegel (1989). Other evolutionary translocations 
(Gale et al. 1990) arose before the formation of species 
barriers and characterise the various Triticeae genomes. 

In hexaploid wheat, evolutionary translocations in- 
volving chromosome arms 4AL (formerly 4BL), 5AL 
and 7BS were proposed by Naranjo et al. (1987) follow- 
ing a study of induced homoeologous chromosome pair- 
ing with the aid of differential chromosome staining. 
Some confirmatory evidence for the 4AL to 5AL translo- 
cation is also available from the nonhomoeologous loca- 
tions of marker gene sets, e.g. ~-Amy-1 (Ainsworth et al. 
1983) and for the 7BS to 4AL translocation from various 
isozyme and RFLP loci (Chao et al. 1989). In rye a sim- 
ilar situation exists involving chromosomes 4R, 5R and 
7R. The translocation between chromosome arms 4RL 
and 7RS has long been recognised (K611er and Zeller 
1976). It has also been speculated that, while largely 
homoeologous with group 5, chromosome 5R has a 
small amount of homoeology with group 4. Supporting 
evidence is summarized by Naranjo et al. (1987). 
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In the course of  routine pr imary  screening of  D N A  
clones for utility as R F L P  probes in this laboratory ,  two 
probes, PSR115, a wheat  c D N A  clone, and PSR580, a 
wheat  genomic D N A  clone, were identified which were 
located on chromosome 5H (chromosome 1) in barley, 
7R in rye and 4AL, 5BL and 5DL in hexaploid wheat. 
These clones were potent ial ly the first evidence of  the 
reciprocal nature of  the 4AL/5AL translocation.  This 
finding led to the systematic analysis described below 
which enables the proposa l  of  hypotheses to further de- 
scribe the evolut ionary translocat ions involving chromo- 
somes 4A (formerly 4B), 5A and 7B in wheat  and 4R, 5R 
and 7R in rye. 

Materials and methods 

Genetic stocks 

The euploid and all the available nullisomic-tetrasomic (Sears 
1954, 1966) and ditelosomic (Sears and Sears 1978) lines of 
Chinese Spring (CS) were used to determine the chromosomal 
location of random anonymous cDNA and genomic DNA 
clones in wheat. The locations of these clones in rye and barley 
were determined by hybridization to genomic DNA of the CS/ 
Secale cereale cv 'Imperial' (Driscoll and Sears 1971) and CS/ 
Hordeum vulgare vs 'Betzes' (Islam et al. 1981) individual chro- 
mosome addition lines, respectively. Fifty-one F 2 plants, or their 
F 4 progenies, from the cross between hexaploid wheat var 
('Timgalen' and 'RL4137' (Chao et al. 1989) were used for map- 
ping chromosome 4A. 60 F 2 plants, or their F 3 progenies, from 
the cross of ~ x 'RxL 10' (Wang et al. 1991) were used for 
mapping chromosome arm 5RL. 

DNA clones and isozyme systems 

Two known-function clones, nitrate reductase (Cheng et al. 1986), 
provided by A. Kleinhofs, Washington State University, USA, 
and waxy (Rohde et al. 1988); three anonymous wheat cDNA 
clones (PSR81, PSR115 and PSR120); three anonymous wheat 
genomic clones (PSR360, PSR426 and PSR580); two anony- 

mous barley genomic clones (KSU8 and KSU26 (Kam-Morgan 
and Gill 1989), provided by Dr. B. S. Gill, Kansas State Univer- 
sity, USA); and four isozyme systems, B-Amy-l, Ibf-1, Ndh-i 
and Per-4, were used for intrachromosomal mapping. 

RFLP and isozyme analysis 

The methods used for DNA isolation and RFLP analysis were 
those described by Sharp et al. (1988), except that Hybond N 
Plus (Amersham) filters were used. The method used for the 
analysis of 13-Amy-1 is that described by Ainsworth et al. (1983); 
for Ibf-1, by Liu and Gale (1989); for Ndh-1, by Liu and Gale 
(1991); and for Per-4, by Liu et al. (1990). 

Mapping analysis was carried out with the use of the soft- 
ware package MAPMAKER Version 2.0, supplied by E.S. 
Lander, Whitehead Institute for Biomedical Research, Cam- 
bridge, Mass., USA. The Kosambi transformation was used to 
convert recombination frequencies to centiMorgans (cM). 

Results 

1. Homoeologous groups 4, 5 and 7 marker gene locations 

The chromosomal  locat ion of  D N A  probes was initially 
determined by hybridizat ion to digested genomic D N A  
from the euploid, null isomic-tetrasomic and ditelosomic 
lines of  CS and the wheat/rye and wheat /bar ley chromo- 
some addi t ion lines. This analysis for PSR580 is shown in 
Fig. 1. This probe  detected three major  fragments in CS 
when hybridized with EcoRV-restr icted genomic D N A .  
Null isomic analysis showed clearly that  these fragments 
were located on chromosomes 4A, 5B and 5D (Fig. 1 A). 
Ditelosomic analysis (not shown) subsequently showed 
the loci to be on the long arms of  these chromosomes.  
Homologous  sequences to this clone were located on 5H 
in barley and 7R in rye (Fig. 1 B). Chromosomal  loca- 
tions for the 70 sets of  marker  loci mapped  to homoe- 
ologous group 4, 5 and 7 chromosomes in wheat  and rye 
are summarized,  and sources provided,  in Table 1. 

Fig. 1AandB. HybridizationofPSR580 to (A) EcoRV-restrictedgenomicDNA ofthehomoeologousgroup4and 5 nullisomic-tetra- 
somic lines of CS and (B) HindIII-restricted genomic DNA of CS/S. cereale 'Imperial' and CS/H. vulgare cv 'Betzes' addition lines 
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Table 1. Molecular and biochemical marker loci on homoe- 
ologous group 4, 5 and 7 chromosomes of wheat and rye 

Homoeologous Probe or Arm location Rye 
group isozyme loci wheat 

4L Xpsrl04 4AS 4BL 4DL b 7R 
Xpsr157 4AS 4BL 4DL 7R 
Xpsr163 4AS 4BL 4DL" 7R 
XFbp 4AS 4BL 4DL a _ 
Acph-1 4AS 4BL 4DL a 7RS a 

4L (4AL/5AL Xpsr164 4BL 4DL 5AL 5R 
translocation) Aco-2 4BL 4DL 5AL ~ 5RL" 

fl-Amy-I 4BL 4DL 5AL a 5RL a 

4S XpsrllO 4AL 4BS 4DS a 4R 
Xpsr139 4AL 4BS 4DS 4R 
Xpsr144 4AL 4BS 4DS a _ 
Xpsr147* 4AL 4BS 4DS 4R 
Xpsr153 4AL 4BS 4DS 4R 
Xpsr166 4AL 4BS 4DS 4R 
Amp-2 4AL 4BS 4DS a 4RS d 
Adh-1 4AL 4BS 4DS a 4RS ~ 
Lpx-1 4AL 4BS 4DS ~ - 
Ndh-1 4AL 4BS 4DS" 4RS 
Pgm-1 4AL - 4DS" 4RS ~ 

5L Xpsr81 5AL 5BL 5DL 5RL 
Xpsrl20a 5AL 5BL 5DL 5RL 
Xpsrl20 b 5AL 5BL 5DL 5RL 
Xpsrl20 c 5AL 5BL 5DL 5RL 
Xpsrl20 a 5RL 
Xpsr128 5AL 5BL 5DL ~ - 
Xpsr145 5AL 5BL 5DL 5R 
Xpsr360 5AL 5BL 5DL 5RL 
Xpsr426 5AL 5BL 5DL 5RL 
Xksu8 5AL 5BL 5DL ~ 5RL 
Xksu24 a 5AL 5BL 5DL" - 
Xksu24 b 5AL 5BL 5DL" - 
Xksu26 5AL 5BL 5DL ~ 5RL 
Xksu58 5AL 5BL 5DL" - 
Adh-1 5AL 5BL 5DL" 5RL ~ 
Ibf-1 5AL 5BL 5DL ~ 5RL" 
Lpx-2 5AL 5BL 5DL" - 
Ti-2 5AL 5BL 5DL" 5RL" 
Tpi-1 5AL 5BL 5DL ~ 5R a 

5L (5AL/4AL Xpsrll5 5BL 5DL 4AL 7R 
translocation) Xpsr580 5BL 5DL 4AL 7R 

5S Xpsrl09 5AS 5BS 5DS 5R 
Xpsrll8 5AS 5BS 5DS" 5R 
X~-Amy-3 5AS 5BS 5DS a - 
Mdh-3 5AS 5BS 5DS" - 
Nor-3 5AS - 5DS a _ 
Skdh-! 5AS 5BS 5DS ~ 5RS" 

7L Xpsr72 7AL 7BL 7DL" - 
Xpsrl05 7AL 7BL 7DL" - 
Xpsrll7* 7AL 7BL 7DL ~ 7R 
Xpsrl21 * 7AL 7BL 7DL" - 
Xpsr129 7AL 7BL 7DL a 7R 
Xpsr165 7AL 7BL 7DL ~ - 
Xpsr169 7AL 7BL 7DL" 7R 
XGapd2 7AL 7BL 7DL ~ - 
XPepc 7AL 7BL 7DL" 7R r 
e-Amy-2 7AL 7BL 7DL" 7RL ~ 
Ep-1 7AL 7BL 7DL" - 
Wsp-1 7AL 7BL 7DL ~ - 

Table 1. (Continued) 

Homoeologous Probe or Arm location Rye 
group isozyme loci wheat 

7S Xpsr65 7AS 7BS 7DS" 7R 
Xpsrl03 7AS 7BS 7DS a _ 
Xpsrl08 * 7AS 7BS 7DS a 4R 
Xpsrl50* 7AS 7BS 7DS 
Xpsr152 7AS 7BS 7DS" 4R 
XSsl 7AS 7BS 7DS" - 
Est-3 - 7BS 7DS a 
Ndh-2 7A - 7DS a 7RS ~ 

7S (7BS/4AL Xpsrll9 7AS 7DS 4AL" 4R 
translocation) Xpsr160 7AS 7DS 4AL a 

Per-4 7AS 7DS 4AL" - 
XNra* 7AS 7DS 4AL" - 
XWx 7AS 7DS 4AL" - 

a Loci listed by McIntosh et al. (1990); bloci reported by Liu 
and Gale (1991); Cloci reported by Chao et al. (1989); dthe locus 
of Amp-R2 was located on 4RS instead of on 4RL (R. M.D. 
Koebner, personal communication) 
* Indicates that the probes used to identify these loci also detect 
homologous sequences elsewhere in the wheat genomes 
- :  Indicates that the arm location of the respective loci have not 
been determined or analyzed 

2. Intrachromosomal mapping 

The D N A  p r o b e s  were  hybr id ized  to genomic  D N A s  

f r o m  'T imga len ' ,  'RL4137 ' ,  'Ds2 '  a n d  ' R x L  10' d iges ted  

wi th  eight  (wheat)  or  four  (rye) res t r ic t ion  enzymes .  

I n f o r m a t i v e  p r o b e  x r e s t r i c t i o n  enzyme  c o m b i n a t i o n s  

were  ident i f ied  and  used  to m a p  PSR115,  Wx a n d  N r a  

on  whea t  c h r o m o s o m e  4A, PSR81,  PSR120,  PSR360,  

PSR426,  K S U 8  and  K S U 2 6  on  rye c h r o m o s o m e  a r m  

5RL,  a n d  P S R I I 5  a n d  PSR580  on  7R. The  Per-B4 
locus on  4 A L  was  scored  for  allelic va r ia t ion  in the 

'T imga len '  x 'RL4137 '  progenies .  Similar ly Ibf-Rl a n d  

~-Amy-R1 loci on  5RL d isp layed  allelic va r ia t ion  and  

were  scored  in six indiv idual  F 3 gra ins  of  each  o f  the  

'Ds2 '  x ' R x L  10' progenies .  

a) Wheat chromosome 4A. The  results  for  Xpsrll5-4A, 
XNra-4A, XWx-4A a n d  Per-B4 were c o m b i n e d  wi th  

those  a l ready  o b t a i n ed  for  XpsrlO4-4A, XpsrllO-4A and  

Ndh-A1 (Liu a n d  Gale  1991) to  p r o d u c e  the m a p  s h o w n  

in Fig. 2, wh ich  consis ts  o f  two l inkage blocks.  The  or ien-  

t a t ion  o f  the four  m a r k e r  loci in the distal  l inkage b lock  

on  4 A L  has  no t  been  exper imenta l ly  de te rmined .  N o n e  

o f  the loci in this g r o u p  was  l inked wi th  Ndh-Al, the  m o s t  

distally loca ted  m a r k e r  on  4 A L  in the  p r o x i m a l  l inkage 

block.  H o w ev e r ,  the o r i en t a t ion  s h o w n  in Fig. 2 is t ha t  

cons ide red  m o s t  likely f r o m  the  h y p o t h e s e s  s u r r o u n d i n g  

the evo lu t ion  o f  the c o m p o u n d  c h r o m o s o m e  (see below).  
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15 
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Fig. 2. Genetic map of chromosome 4A. Dotted, solid and un- 
filled reetangles represent three different chromosome segments 
of the original 4A, ?B and 5A chromosomes, respectively (see 
also Fig. 4). Genetic distances in cM are shown on the left-hand 
side 

b) Rye chromosome 5R. Four of the six DNA probes 
analyzed for linkage on 5RL, i.e., PSR81, PSR360, 
PSR426 and KSU26, each detected a single fragment. 
The other two probes, i.e., PSR120 and KSU8, each 
detected five fragments in each parent, and the segrega- 
tions were initially treated as being from different loci. 
All five "loci" detected by KSU8 co-segregated, and thus 
Xksu8 appears on the map as a single locus. Four of the 
five "loci" detected by PSR120 mapped to different loca- 
tions along the chromosome arm, spanning a genetic 
distance of almost 60 cM. The best-fit map comprising 11 
loci is shown in Fig. 3. This map contains no locus on the 
short arm of 5R, and thus the orientation relative to the 
centromere could not be determined experimentally. 
Again, from the evolutionary arguments, the location of 
the segment containing ~-Amy-R1 is most likely to be 
distal. 

~- Xpsr120(2)-5R 
4 

Xpsr120(4)-5R 
4 Xpsr360- 5R 

15 

Xksu8-5R 

19 

Xpsr120(3)- 5R 
Xksu26-5R 

16 

Xpsr120(1)-5R 

Ibf-R 1 

13 

Xpsr426-5R 

15 

Xpsr81-5R 
6 - 

B-Amy-R1 

Fig. 3. Genetic map of chromosome arm 5RL. Key: the dotted 
region represents the segment transferred from the original 4RL 
(see also Fig. 5). Genetic distances in cM are shown on the 
left-hand side 

c) Rye ehromosome 7R. Segregational analysis between 
Xpsr580-7R and Xpsrll5-7R indicated that these two loci 
were linked by 24.6+ 3.8 cM. 

Discussion 

Evolution of  transloeations in wheat and rye 

Consideration of the maps of wheat chromosome 4A and 
rye chromosome arm 5RL, the chromosomal locations 
of other marker loci (Table 1), and published evidence for 
homoeologous chromosomal pairing allows the develop- 
ment of hypotheses for the evolution of the wheat and rye 
genomes with regard to chromosomes of homoeologous 
groups 4, 5 and 7. The proposed hypotheses are repre- 
sented schematically in Figs. 4 and 5. Below, we first 
review the evidence for the constitution of the present 
4A, 5A and 7B chromosomes in wheat and the present 
4R, 5R and 7R chromosomes in rye; secondly we de- 
scribe the means by which the translocated chromosomes 
may have arisen. The arguments proposed are based on 
genetic maps and numbers of marker loci and, thus, may 
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Fig. 4. The present structures of chromosomes 4A, 5A and 7B and their origins. The numbers of known marker loci on the "original" 
chromosomes are shown in parentheses. The proportions, based only on numbers of genetic markers, remaining and transferred 
during the translocation events, are shown for "transient" and "present" chromosomes. S and L are the arm designations of the 
"original" chromosomes. In the case of chromosome 4A the designations are reversed, i.e. the original short arm becomes the present 
long arm and the original long arm becomes the present short arm. See text for detailed description 
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Fig. 5. The present structures of chromosomes 4R, 5R and 7R and their origins. Explanation as for Fig. 4 

Present 7R 

not reflect actual physical chromosome length, because 
the genetic maps are likely to be distorted relative to the 
physical maps in Triticeae species, as described by Wang 
et al. (1991). 

a) Nonhomoeologous translocations between 
chromosome 4A, 5A and 7B 

Evidence for the presence of a segment of the original 4AL 
on the present 5AL. Results from chromosome pairing 

demonstrated that the terminal segment of  5AL is ho- 
moeologous to 4BL and 4DL (Naranjo et al. 1987). This 
is supported by the locations of  Aco-2, /3-Amy-i and 
Xpsr-164 on 4BL, 4DL and 5AL (Table 1). 

Evidence for the presence of a segment of the original 
5AL on the present 4AL. Two R F L P  loci, J(psrll5 and 
Xpsr580, have been shown to be located on 4AL, 5BL 
and 5DL, suggesting that the group 4 location has arisen 
by translocation from 5AL. Furthermore, Xpsrll5 has 
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been shown to be linked with several other markers also 
translocated to 4AL, but from 7BS. However, no chro- 
mosome pairing evidence is available to support these 
findings. Of all the 20 sets of loci presently placed on the 
long arms of 5BL and 5DL (Table 1), only these 2 were 
located on the present 4AL, indicating that the segment 
translocated from 5AL and remaining on the present 
4AL may represent a relatively small part of the original 
5AL arm. Moreover, this segment is inferred to be inter- 
stitially located (see below), which may explain why chro- 
mosome pairing analysis has not yet been able to detect 
its existence. 

Evidence for the presence of  a segment of  the original 7BS 
on the present 4AL. Much evidence is available to demon- 
strate the existence of this segment. Initially, a set of 
isozyme loci, Per-4, were located on 7AS, 7DS and 4AL 
(Kobrehel and Feillet 1975; Benito and Perez de la Vega 
1979), and this was followed by the same chromosomal 
location of another four sets of RFLP loci, Xpsrll9, 
Xpsrl60, XNra and XWx (Table 1). In addition, analysis 
of chromosome pairing has also demonstrated that the 
terminal segment of 4AL is homoeologous to 7AS and 
7DS (Naranjo et al. 1987). 

Evidence for the presence of  a segment of  the original 5AL 
on the present 7BS. The only supporting evidence derives 
from chromosome pairing analysis, which demonstrated 
that the terminal segment of 7BS is homoeologous to 
5BL and 5DL (Naranjo et al. 1987). However, none of 
the 20 marker loci on the original 5AL is found on 7BS, 
indicating that the segment of 5AL on 7BS is likely to be 
small. 

Combining all the above observations, a hypothesis 
involving two translocation events is proposed, as shown 
in Fig. 4. Basically this is an extension of that proposed 
by Naranjo et al. (1987), but incorporates the new data 
concerning the structure of chromosome 4A. 

Existing evidence from chromosome pairing and 
marker gene location indicates that the present 4AL is at 
least partly homoeologous to 4BS and 4DS, while 4AS is 
homoeologous to 4BL and 4DL. Naranjo et al. (1987) 
also observed that in some pollen mother cells (PMCs) of 
5B-deficient plants, 4AS was seen to be weakly bound 
to the end of 4BS and 4DS and that in other PMCs it 
appeared interstitially associated with 4DL, although the 
numbers of these PMCs were small. Thus Naranjo et al. 
(1987) and Naranjo (1990) suggested the existence of a 
pericentric inversion involving a substantial portion of 
this chromosome during the evolution of hexaploid 
wheat. The evidence available to date shows that the 
inversion contains all 19 of the group 4 marker loci listed 
in Table 1, because none is located on the three long or 
the three short arms of the present homoeologous 
group 4 chromosomes. The possibility remains that a 

telomeric segment of the original 4AS is located on the 
present 4AS, which is consistent with the pairing evi- 
dence of Naranjo et al. (1987). 

Thus, the most likely course of events is: (1) a recipro- 
cal interchromosomal translocation of the original 4AL 
and 5AL; (2) the transposition of the translocated 5AL 
segment from the original 4AL to 4AS, i.e., a pericentric 
inversion. This event resulted in the reversal of the arm 
ratio of 4A with the result that the present short and long 
arms are homoeologous with the long and short arms, 
respectively, of chromosome 4B and 4D. The present 
evidence is unable to show whether the breakpoints in the 
inter- and intrachromosomal events on 4A differ; and (3) 
a reciprocal translocation between 4AL, distal to the 
4AL/5AL breakpoint, and part of 7BS. It should be 
noted that the order of events (2) and (3) above may be 
interchanged and still be consistent with the present data. 
The orientation of the segment translocated from 7BS 
(Fig. 1) is also at variance with published data unless 
the segment was inverted during the chromosomal re- 
arrangements. Liu et al. (1990), while mapping Per-A4 
on 7AS, assumed, based on the result of Chao et al. 
(1989), that Per-A4 was the most proximal of the three 
loci. It appears now, however, from the map of 4AL, that 
the order of these loci on chromosome arms 7AS and 
7DS is most likely to be, from the centromere, XNra-7 - 
XWx-7 - Per-4. 

b) Nonhomoeologous translocations between 
chromosomes 4R, 5R and 7R 

Evidence for the presence of a segment of the original 4RL 
on the present 7RS. The first evidence for this came from 
the findings of K611er and Zeller (1976), which was 
confirmed by the study of Naranjo et al. (1987). Support- 
ing evidence includes the locations of Acph-R1, Xpsrl04, 
Xpsr157 and Xpsr163 (Table 1). In fact, none of the seven 
marker loci on the original 4RL (as deduced from the 
location of their homoeoloci in wheat) is retained on the 
present 4RL, suggesting that a substantial part, at least, 
of this chromosome arm was translocated to 7RS. 

Evidenee for the presence of  a segment of  the original 7RS 
on the present 4RL. This was also first demonstrated by 
the work of K611er and Zeller (1976). Other marker gene 
locations (Table 1) provide supporting evidence. Three 
out of the five loci on the original 7RS were found to be 
located on the present 4RL. The other two loci, Xpsr65 
and Ndh-2, are retained on the present 7RS (Table 1), 
which provides the first evidence that the breakpoint is in 
7RS and not at the centromere. All the nine loci on the 
original 4RS were found on the present 4RS. Similarly, 
all the six loci on the original 7RL were found on the 
present 7RL (Table 1). These results are consistent with 
the hypothesis that the present 4RS is the original 4RS 
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while the present 4RL is part of the original 7RS. 
Similarly, the present 7RL is the original 7RL while the 
present 7RS contains a segment of the original 4RL. 

Evidence for the presence of a segment of the original 4RL 
on the present 5RL. This is supported by results from 
both chromosome pairing (Naranjo etal. 1987) and 
marker gene locations. Three of the seven loci on the 
original 4RL, Aco-2, fl-Amy-1 and Xpsr164, were detect- 
ed on the present 5RL (Table 1). 

Evidence for the presence of a segment of the original 5RL 
on the present 7R. The chromosome locations of Xpsrll5 
and Xpsr580 provide the only evidence to date. No chro- 
mosome pairing evidence has been obtained in support of 
this, although the segment is inferred to be terminally 
located on 7RS. A corollary is that both Xpsri15 and 
Xpsr580 are expected to map in the terminal region of 
5BL and 5DL in wheat and 5HL in barley. 

All the above observations can be explained by recip- 
rocal translocation events between chromosome arms 
4RL/5RL and 4RL/7RS, as shown in Fig. 5. It should be 
noted that the first event was not necessarily between 
4RL and 5RL. It is equally possible that the first event 
was between 4RL and 7RS. 

The involvement of homoeologous group 4, 5 and 7 
chromosomes in translocations in the evolution of both 
wheat and rye is remarkable and all the more so because 
the breakpoints on 5AL and 5RL seem to be located, 
within the limits of the analysis described here and as- 
suming co-linearity of the maps, in the same region. 
However, the breakpoints in 7BS and 7RS are quite dif- 
ferent. The breakpoint on 7RS is more proximal than 
that on 7BS. This can be seen from the locations of 
Xpsrl08 and Xpsr152. Homoeoloci to both of these are 
located on all the three short arms of wheat homoe- 
ologous group 7 chromosomes, indicating that they were 
not involved in the translocation in wheat. However, 
they are both located on 4R in rye. Thus, it can be 
reasonably expected that these two loci will map proxi- 
mally to all those markers having 7AS, 7DS and 4AL 
locations, but map distally to others having 7AS, 7BS 
and 7DS locations. 

These results also confirm that the group 4/7 translo- 
cations in wheat and rye represent two independent 
events. However, it is not clear whether the group 4/5 
translocations are coincident. The results available to 
date can not rule out the possibility that a single group 
4/5 translocation occurred before the differentiation of 
genomes A and R. If  this is the case then it would follow 
that the A genome is more closely related to the R ge- 
nome than to the B and D genomes, although the interge- 
nomic relationships may have become less distinct if 
species evolution and differentiation have occurred at 
different rates as suggested by Dvof'fik (1988). The avail- 

able evidence from pairing studies, chromosome substi- 
tution and compensation, and from the hybridization of 
DNA probes is not adequate to confirm or disprove this 
hypothesis. Clearly, however, the putative pericentric 
inversion (or intrachromosomal translocation) must 
have occurred after the group 4/5 translocation in wheat. 
The association of the original 5RL segment (containing 
Xpsrll5 and Xpsr580) along with the original 4RL 
segment (containing Xpsrl04, Xpsr157, Xpsr163 and 
Acph-1) on the present 7RS (Table I and Fig. 5) provides 
evidence that chromosome 4R has never suffered a large 
pericentric inversion. 

Conclusions 

The present study demonstrates that genetic markers, 
when available in adequate numbers, can detect translo- 
cations which may be too small to be identified by cyto- 
logical studies. Apart from the rearrangements discussed 
above, there are other possible non-homoeologous trans- 
locations in the Triticeae. For example, the chromosomal 
location ofEst-5 (Ainsworth et al. 1984) and Ndh-3 (Liu 
and Gale 1991) in wheat and rye suggest the existence of 
another, as yet cytologically unidentified, translocation 
between 3R and 6R, relative to wheat. A detailed descrip- 
tion of these intergenomic translocations will emerge 
from the development of dense RFLP-based genetic 
maps that are being produced in several laboratories. It 
is important that they are well understood for increasing 
the efficiency and precision of future chromosome engi- 
neering and introgression of chromosome segments con- 
taining useful genes to cultivated crops. 
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