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Triticum timopheevii ssp. timopheevii and T. timo- 
pheevii ssp. araraticum were analysed by sequential 
N-banding and genomic in situ hybridization. Three 
chromosomes, 6A t, lG  and 4G, were involved in 
At-G intergenomic translocations in all six Iines 
analysed. These chromosomes may be derived from 
a cyclic translocation that is species-specific to T. 
timopheevii. In contrast, Triticum turgidum has a spe- 
cies-specific cyclic translocation involving chromo- 
somes 4A, 5A and 7B. The discovery of different 
species-specific chromosome translocations sup- 
ports the diphyletic hypothesis of the evolution of 
tetraploid wheats. The resuIts from genomic blocking 
anaiysis also revealed that the chromosomes of Ae- 
gilops speltoides are closer to the G genome than the 
B genome chromosomes. The possible role of species- 
specific translocations in the evolution of wheat is 
discussed. 
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I n t r o d u c t i o n  

The tetraploid wheats are divided into two groups: the 
emmer wheat group (Triticum turgidum L.) with the 
genome formula AABB and the timopheevi group 
(Triticum timopheevii Zhuk.) with the genome formula 
AtAtGG. It is generally accepted that both A and A t 
genomes were derived from Triticum monococcum L. ssp. 
urartu (Dov~äk et al. 1993, Takumi et al. 1993). It has also 
been suggested that both B and G genomes originated 
from either Aegilops speltoides Tausch. (syn. Triticum 

speltoides (Tausch) Gren. ex Richter) or an ancestral 
form closely related to it (Sarkar & Stebbins 1956; 
Jaaska 1978, 1980, Tsunewaki & Ogihara 1983, Chen 
& Gill 1983, Ogihara & Tsunewaki 1988). 

There are two different hypotheses on the origin of 
emmer and timopheevi wheats. According to the first 
hypothesis, emmer and timopheevi wheats had a di- 
phyletic origin involving two independent hybridiza- 
tion events. Restriction pattern analysis of chloroplast 
DNA from tetraploid wheats and the possible B and G 
genome donor species supported the diphyletic hypoth- 
esis (Tsunewaki & Ogihara 1983). According to the 
second hypothesis, the AABB and AtAtGG wheats had 
a monophyletic origin which could be traced to a single 
hybridization event (Wagenaar 1961, Feldman 1966, 
Tanaka et al. 1978). 

The B and G genome chromosomes are weil differ- 
entiated, especially with respect to heterochromatic 
structure and chromosome translocations (Feldman 
1966, Hutchinson & Miller 1982, Gill & Chen 1987). 
There are two types of chromosome translocations in 
wheat: (i) random, involving different chromosomes in 
different populations, and (ii) species-specific, invol- 
ving particular chromosomes in every population. A 
species-specific 4A-5A-7B cyclic translocation was 
found in emmer and common wheat (Triticum aestivum 
L.) (Naranjo et aL 1987, Naranjo 1990, Liu et al. 1992). 
However, Gill & Chen (1987) reported that T. timopheevii 
lacked this cyclic translocation but instead carried a 
6At-lG translocation. In this paper, we report the 
identification of a different cyclic translocation in 
timopheevi wheat. The implication of the finding on 
the phylogeny and evolution of tetraploid wheats is 
discussed. 
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Materials and methods 

Three accessions of Triticum timopheevii ssp. timopheevii, 
TAl03, TAl40 (CI14133), TA141 (PI221421), and  three 
accessions of Triticum timopheevii ssp. araraticum, TA2 
(from Armenia) ,  TA6 (from Turkey), TAl2 (from Iraq), 
were used.  Triticum turgidum var. durum cv. Langdon 
was used as an example  for emmer  wheat.  All  mater ia ls  
are main ta ined  at the Wheat  Genetics Resource Center 
at Kansas State University. 

The above Triticum accessions were analysed by  
sequential  N-band ing  and in situ hybr id iza t ion  (ISH) 
or genomic in situ hybr id iza t ion  (GISH) (Jiang & Gill 
1993). ISH pat terns  were  analysed using clone psc119. 
This clone contains a 120 bp  highly repeated sequence 
isolated from rye and also present  in Triticum (Bedbrook 
et al. 1980). For GISH analysis,  genomic DNA of T. 
monococcum was isolated and labelled with  biotin-11- 
dUTP, and sheared genomic DNA of Ae. speltoides was 
a d d e d  to the hybr id iza t ion  mixture to block any cross 
hybr id iza t ion  of genomic probe to the G and B genome 
chromosomes.  For signal  detect ion using a fluorescence 
technique, 100 I~1 rabbit  anti-biot in an t ibody  (Enzo 
Diagnostics USA) was appl ied  to each prepara t ion  
after the pos t -hybr id iza t ion  wash,  and the slides were 
incubated at 37°C for 30 min. The slides were washed  
three t imes in 1 × PBS (5 min each) at room tempera-  
ture, and  incubated  in 100 I~l FITC-conjugated goat  anti- 
rabbi t  an t ibody  (Enzo Diagnostics USA) at 37°C for 30 
min. After  three washes in 1 × PBS at room tempera-  
ture, a thin layer  of anti-fade solut ion (Johnson et al. 
1981) containing 1 I~g/ml of p rop id ium iodide  was 
a d d e d  for counterstaining.  

Results 

All G genome chromosomes in both T. timopheevii ssp. 
timopheevii and T. timopheevii ssp. araraticum can be 
identif ied using the modif ied N-band ing  technique. 
For the A t genome, chromosomes 6A t and 7A t consis- 
tent ly showed bands  in different lines. In some lines, all 
A t genome chromosomes can be identif ied (see Figure 
5a): 2A t, 3A t, 5A t, 6A t, 7A t have characteristic bands ,  
and  u n b a n d e d  chromosomes l A  t and 4A t are identif ied 
based  on their a rm ratlos, i.e. submetacentr ic  and  
metacentric,  respectively. The homoeology of T. timo- 
pheevii chromosomes is assigned according to their  
pa i r ing  with  T. turgidum chromosomes and their spon-  
taneous subst i tut ing abi l i ty  for chromosomes of com- 
mon whea t  (Gill & Chen 1987, Badaeva et al. 1991). 

Six different T. timopheevii lines were analysed by  
sequential  N-band ing  and GISH. Figure l a  shows the 
N-banding  of somatic metaphase  chromosomes of T. 
timopheevii ssp. timopheevii line TA 141. Figure l b  shows 
the subsequent  GISH pat te rn  using T. monococcum DNA 
as a probe and Ae. speltoides DNA as a blocker. The A t 
and  G genome chromosomes show yel low and orange 

Figure 1. Sequential N-banding and genomic in situ 
hybridization analysis of Triticum timopheevii ssp. timo- 
pheevii line TA141. a N-banding of metaphase chromo- 
somes of TA141. b Subsequent GISH on the same 
metaphase cell. Triticum monococcum DNA was used 
as a probe and Aegilops speltoides DNA as a blocker. 
Arrowheads point to the three At-G intergenomic translo- 
cation chromosomes 6A t, lG  and 4G. 

colours, respectively. By compar ing  Figure l a  and 
Figure lb ,  each chromosome with  a different banding  
pat tern  can be assigned to either A t o r  G genomes. 
Three chromosomes,  6A t, l G  and 4G, involving At-G 
intergenomic translocation, were found in all six T. 
timopheevii lines analysed.  About  17% of the distal  
part  of the short  arm of 4G was der ived  from an A t 
genome chromosome (Figures l b  and 2). The satellite, 
nucleolus-organizer  region, and  25% of the distal  par t  
of the short  arm of 6A t belong to the G genome. 
Chromosome l G  has an intercalary A t genome chro- 
mosome segment  in the short  arm. This segment re- 
presents 30% of the short  arm. 

The present  results confirm the hypothesis  of the 
structural  modifiCation of chromosome 4G (Rayburn 
& Gill 1985). Chromosome 4B in emmer  and common 
wheats  has a terminal  hybr id iza t ion  site on the short  
arm when probed with  a repeated sequence pSc119 
(Figure 3). A similar hybr id iza t ion  site on the short arm 
of 4G is subterminal  (Figure 3). The distal  segment  
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Figure 2. Genomic in situ hybridization patterns of 
chromosomes 6A t, lG and 4G. Arrows point to the break 
points. 

beyond  the pSc119 hybr id iza t ion  site is p robab ly  the A t 
genome segment  detected by  GISH. 

The genetic ident i ty  of the 6 A t / l G  translocat ion was 
first repor ted  by  Gill & Chen (1987). They observed that 
the short  arm of 1B pai red  with 6A t, or chromosomes 
1B, 6A t and  6A paired as a t r ivalent  at metaphase  I in 
meiosis. Our  results further confirm their observat ion 
and,  in addit ion,  reveal  that the short  a rm of l G  
contains an A t genome segment  at an intercalary loca- 
tion. 

We postula te  that 6A t, l G  and 4G were der ived  from 
a cyclic translocation. Figure 4 depicts  a possible mode  
of origin of the cyciic translocation. In the model ,  the 
initial t ranslocat ion was reciprocal and  involved chro- 
mosomes l G  and 6A t. The result was a shift in par t  of 
the short  a rm of lG ,  the nucleolus-organizer  region, 
and the satellite to chromosome 6A t. The distal  end of 

4B 4G 
Figure 3. Sequential N-banding (left) and in situ hybridiza- 
tion using pSc119 as a probe (right) on chromosome 4B 
and 4G. Arrows point to the distal segment beyond the 
pSc119 hybridization site. This segment corresponds to the 
A t genome segment detected by GISH. 

Chromosome translocations in T r i t i c u m  t i m o p h e e v i l  
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Figure 4. A possible mode of origin of the cyclic trans- 
Iocation involving 6A t, lG and 4G. 

6A t short  a rm was  t ranslocated to 1GS. As a result,  
chromosome l G  in all T. timopheevii accessions does not  
have a satellite. However ,  6A t a lways  has a satellite 
(Badaeva et al. 1993). The t ranslocated (transient) l G  
and 4G were involved  in a second translocation. A 
small  dis ta l  par t  of the transient  IGS, or iginal ly  from 
6AtS, was  t ranslocated to the dis ta l  end of 4GS. A t iny 
distal  par t  of 4GS was t ranslocated to the transient  1GS. 
As a result,  the remaining 6AtS segment  in 1GS now 
occupies an intercalary position. The terminal  area of 
1GS has an ISH site of pSc119 (Figure 5). This ISH site 
p robab ly  or ig inated  from 4GS according to the cyclic 
t ranslocat ion hypothesis .  

The pos tu la ted  presence of 6A t segments  on l G  and 
4G needs to be verified by  RFLP (restriction f ragment  
length po lymorphism)  analysis.  At  present,  we do not  
know whether  more species-specific chromosome trans- 
locations exist in T. timopheevii, because in t ragenomic 
and small  intergenomic translocations cannot be de- 
tected by  GISH analysis.  

Sequential  chromosome N-banding  and GISH ana-  
lysis were also per formed on T. turgidum var. durum cv. 
Langdon.  The A and B genome chromosomes of Lang- 
don were  d iscr iminated  by  GISH using T. monococcum 
D N A  as a probe and Ae. speltoides DNA as a blocker, 
even though the discr iminat ion was not as clear as that  
be tween A t and  G genomes in T. timopheevii. About  30% 
of the long arm of chromosome 4A in Langdon  was  
der ived  from a B genome chromosome (7B). This was 
also repor ted  in common wheat  (Mukai et al. 1993). The 
ISH site of pSc119 on the terminal  area of 4AL (Figure 
5d) is p robab ly  der ived  from 7B. This is also confirmed 
by  the presence of an ISH site on the terminal  area of 
7GS but  not  on 7BS (Figure 5b & d). The A genome 
segment  on the terminal  area of the short  a rm of 7B, 
detected by  chromosome pai r ing and RFLP analysis  
(Naranjo et al. 1987, Liu et al. 1992), was not  identif ied 
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Figure 5. Sequential N-banding and in 
situ hybridization using pSc119 as a 
probe, a N-banding of Triticum timo- 
pheevii ssp. araraticum line TA2. b 
Subsequent ISH on the same meta- 
phase cell. Arrows point to the ISH 
sites on the terminal area of 1GS. 
Arrowheads point to the ISH sites 
on the terminal area of 7GS. ¢ N- 
banding of Triticum turgidum var. dur- 
um cv. Langdon. d Subsequent ISH on 
the same metaphase cell. Arrowheads 
point to the ISH sites on 4A. Note: the 
terminal area of 7BS (arrowed) has no 
ISH site. 

by GISH. One possible reason is that the A genome 
segment on 7B is too small and perhaps undetectable by 
GISH. 

Discussion 

There are two unresolved issues relating to the evolu- 
tion of emmer and timopheevi wheats. First, is their 
origin monophyletic or diphyletic? Second, what  is the 
relationship between their genomes especially between 
the B and G genomes? The present results shed further 
light on both questions. 

A 4A-5A-7B cyclic translocation was found in emmer 
and common wheat  (Naranjo et al. 1987, Naranjo 1990, 
Liu et al. 1992). This translocation is specific to AABB 
and AABBDD species. The GISH analysis confirmed 

previous results that this cyclic translocation is not 
present in T. timopheevii. Instead, T. timopheevii has a 
cyclic translocation involving 6A t, lG and 4G. Since the 
translocation patterns of these three chromosomes were 
found in all six T. timopheevii lines analysed, this cyclic 
translocation is species-specific to T. timopheevii. As a 
further support  of this, more t h a n o n e  hundred acces- 
sions of T. timopheevii ssp. araraticum from different 
geographical regions have the 6A t and lG transloca- 
tion chromosomes based on their characteristic C-band- 
ing patterns (Badaeva et al. 1993). 

To explain the presence of species-specific chromo- 
some translocations, Gill (1991) proposed a nucleo- 
cytoplasmic interaction (NCI) hypothesis o f  genome 
evolution and speciation in polyploid plants. Accord- 
ing to this hypothesis, a new amphiploid taust pass 
through a bottleneck of sterility resulting from the 
adverse interaction between the male nuclear genome 
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and both the nuclear  and cytoplasmic genomes of the 
female patent .  Certain bott leneck (=species-specific) 
chromosomal  changes must  occur in the nuclear  
genome to restore ferti l i ty and nucleo-cytoplasmic 
compatibili ty.  The modificat ions of 6A t, l G  and 4G 
most l ikely belong to this type of bott leneck chromo- 
somal  change. First, they are species-specific to T. 
timopheevii. Second, they involve intergenomic chromo- 
somes and cannot pre-exist  in the progeni tor  species. 
The mechanism and gene action by  which such 
chromosomal  changes lead to fertility restorat ion 
remain  to be explored.  

The discovery  of different species-specific chromo- 
some translocations in emmer  and t imopheevi  groups  
suppor ts  the diphylet ic  hypothesis  on the evolut ion of 
te t raploid  wheats.  The generat ion and fixation of these 
modif ied chromosomes in natural  popula t ions  are com- 
patible wi th  both the NCI hypothesis  and with  the 
evidence of cytoplasmic differentiation be tween 
AtAtGG and AABB species (Tsunewaki & Ogihara  
1983). Emmer and t imopheevi  wheats  were p robab ly  
der ived  from two different original  amphiplo ids .  The 
females of these two amphip lo ids  were two forms of Ae. 
speltoides with different cytoplasms,  and the male was T. 
monococcum. Species-specific translocations occurred in 
both amphiplo ids .  These translocations may  p lay  an 
impor tan t  role in overcoming nucleo-cytoplasmic in- 
compat ib i i i ty  and  steril i ty of the raw amphiplo ids .  
Therefore, the generat ion of different species-specific 
chromosomal  translocations in emmer  and t imopheevi  
are related to their cytoplasmic differences. Species- 
specific chromosome translocations may  also be present  
in other species in both animal  and plant  k ingdoms 
(Wienberg et al. 1990, Kenton et al. 1993). 

Our  results also reveal  some information on genome 
relat ionships be tween emmer  and t imopheevi  wheats.  
When  T. monococcum DNA was used as a probe and Ae. 
speltoides DNA was used as a blocker in GISH, we found 
that the A t and G genomes were easier to discr iminate  
than the A and B genome chromosomes.  This result  
suggested that  G genome chromosomes share more 
similar repeated sequences wi th  Ae. speltoides chromo- 
somes because the repeated DNA sequences p lay  the 
major role in genomic blocking (see also Anamthawa t -  
Jónsson et al. 1990). Thus, in respect of repeated DNA 
sequences, Ae. speltoides is relat ively more close to the G 
than the B genome. Therefore, the present  results  
suppor t  Ae. speltoides as the G genome donor  to T. 
timopheevii. 
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