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Abstract During the past three decades, Nishimura 's  re- 
ciprocal translocation lines of  rice have been used in rice 
cytogenetics to locate genes on chromosomes,  to number 
extra chromosomes of trisomic series and to associate in- 
dividual linkage groups with specific chromosomes. In this 
report, we present our identification of the chromosomes 
involved in 11 of Nishimura's  translocation lines using 
both meiotic pachytene and mitotic prometaphase chromo- 
some analysis. In addition, the numbering of the 12 link- 
age groups suggested by Nagao and Takahashi, and mod- 
ified later by many workers, has been revised to agree with 
the numbering of the identified chromosomes. 
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Introduction 

Since Nishimura's pioneering work (1961), the importance 
of reciprocal translocation (RT) lines has been shown by 
the fact that they have been used as tools to gain basic in- 
formation in rice cytogenetics and as aids in breeding. 
Nishimura described a series of rice reciprocal transloca- 
tions and arbitrarily numbered the interchanged chromo- 
somes sequentially, in the order in which they were iden- 
tified in successive translocation lines. Nagao and Taka- 
hashi (1963) first proposed 12 linkage groups (I-XII) ,  a 
number that corresponded well with the haploid chromo- 
some number of japonica rice cultivars. Since then, recip- 
rocal translocation lines and trisomics have been used as 
genetic tools for establishing the relationship between link- 
age groups and chromosomes (Iwata et al. 1970; Iwata and 
Omura 1971 a, b, 1975, 1976; Sato et al. 1973, 1975, 1982; 
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Kinoshita et al. 1975; Sato 1976; Omura et al. 1978; Yoshi- 
mara et al. 1982). Karyotype analysis has been used in the 
identification of RT lines (Sato 1981; Chen et al. 1982) and 
of the extra chromosomes in various trisomic sets (Kurata 
et al. 1981; Khush et al. 1984; Chung and Wu 1987, 1990). 
Finally, and almost simultaneously, correspondence 
between chromosomes and linkage groups has been genet- 
ically elucidated in japonica rice (Iwata and Omura 1984; 
Iwata et al. 1984 a, b) as well as in indica rice (Khush et 
al. 1984), though the authors were not unanimous in their 
findings. 

In view of the above uncertainty, cytological analysis 
of the chromosomes involved in Nishimura 's  RT lines was 
called for. In the study presented here, we report the cyto- 
logical identification of the chromosomes involved in the 
11 lines of Nishimura's  RT heterozygotes by karyotype 
analysis at both meiotic pachytene of pollen mother cells 
and mitotic prometaphase of root-tip cells. The chromo- 
some numbers arbitrarily assigned by Nishimura were cy- 
tologically determined. They were found to agree with our 
previous identification of the indica trisomic series (Chung 
and Wu 1987, 1990) and, with a few exceptions, with that 
of work based on genetic analysis. A revision of the rice 
linkage groups has been made on the basis of our direct cy- 
tological evidence. 

Materials and methods 

The 11 lines of reciprocal translocation homozygotes used were a 
kind gift from Drs. N. Iwata and T. Omura of Kyushu University in 
1985; they are listed in Table 1 and were genetically numbered by 
Nishimura (1961). The RT heterozygotes used for identification were 
obtained by crossing each RT homozygote to a normal cultivar, 'Tai- 
chung 65'. Both young spikelets and seeds from RT heterozygous 
plants obtained among F 2 segregants were sampled for chromosome 
preparation which enabled us to have plenty of material for study 
and the results obtained from spikelet and seeds to be mutually 
checked. Young spikelets were fixed in acetic alcohol (1:3) fixative 
containing a trace of ferric chloride, then stored at 4 ~ Both meiot- 
ic pachytene chromosome (Wu 1967) and somatic prometaphase 
chromosome (Kurata and Omura 1978) techniques were used to iden- 
tify the interchanged chromosomes. 



Fig. 1 The karyotype of RT 
1-4a in which the long arms of 
chromosomes 8 and 12 have 
been interchanged. A Pachy- 
tene. The cross configuration 
shows the involvement of chro- 
mosome 8, the nucleolar chro- 
mosome, and chromosome 12. 
B Mitotic prometaphase. A 
slight increase in the long arm 
of 128, but a minor decrease in 
the long arm of 812 can also be 
ascertained at prometaphase. 
Bar: 10 gm 
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T a b | e l  Nishimura's reciprocal translocation lines used in this study 

RT line Genetically Reference 
numbered 

RT 2 RT 1-3a Nishimura (1961) 
RT 4 RT 1-4a Nishimura (1961) 
RT 85 RT 2-6a Yoshimura et al (1980) 
RT 13 RT 3-1 la  Nishimura (1961) 
RT 19 RT 5-9 Nishimura (1961) 
RT 49 RT 6-7 Iwata (1970) 
RT 22 RT 7-8a Nishimura (1961) 
RT 46 RT 7-11 Iwata (1970) 
RT 63 RT 7-12 Yoshimura et al (1980) 
RT 28 RT 9-10 Nishimura (1961) 
RT 31 RT 10-12 Iwata (1970) 

The revised karyotype of 'Taichung 65' (Wu and Chung 1989) 
was used as the standard to identify the interchanged chromosomes 
involved in the RT heterozygotes. The chromosomes of the revised 
karyotype were numbered according to their descending order of rel- 
ative length, as previously described by Chen and Wu (1982) and 
Chen et al (1982), except for the 10th chromosome, which is the 
shortest in the complement. The previously designated chromosomes 
8, 9, 10, 11 and 12 were consequently renumbered as chromosomes 
9, 11, 8, 12 and 10, respectively. The new chromosome 10 in japon- 

ica is not a nucleolar chromosome, as it is in the indica cultivars, 
possibly due to its loss of the fragment bearing ribosomal RNA genes 
(Chung et al 1993). The breakpoint of the interchanges was expressed 
as the distance from the centromere to the breakpoint divided by the 
total length of that chromosomal arm (Burnham 1962). The relative 
length of each interchange segment was then expressed as the per- 
centage of its length in the total length of the chromosomal comple- 
ments. 

Chromosomes shown in the figures, including those of inter- 
changes, are numbered in descending order, except for chromosome 
10. The prometaphase chromosomes are so arranged in one to four 
rows; only those chromosomes involved in an interchange are ap- 
propriately numbered. The four ends of a cross configuration (+) are 
numbered to show the non-translocated or the translocated ones. The 
centromere is denoted by an arrowhead. In both cases, one chromo- 
some in the neighborhood of either one of the two interchanged chro- 
mosomes has been labelled for cross reference. The translocated 
chromosomes with a segment interchanged from a nonhomologous 
chromosome are respectively superscribed. 

Results 

T h e  p a c h y t e n e  c h r o m o s o m e  c o n f i g u r a t i o n s  in va r ious  R T  
h e t e r o z y g o t e s  w e r e  e x a m i n e d  first .  As  s h o w n  in Fig .  1A, 



958 

Table 2 Identification of chro- 
mosomes, breakpoints and rela- 
tive length of the interchanges 
involved in Nishimura's recip- 
rocal translocation lines 

a Morphological modification 
of an interchanged chromosome 
is denoted by a change in the 
length of the involved arms; 
L+ for longer long arm and 
S- for shorter short arm com- 
pared with their respective nor- 
mal homologous arms 

RT line Identified 
chromosomes 

1-3a 8; 1 

1-4a 8; 12 

2-6a 5; 6 

3-11a 1;4 

5-9 2; 9 

6-7 6; 10 

7-8a 10; 3 

7-11 10; 4 

7-12 10; 7 

9-10 9; 11 

10-12 11; 7 

Involved 
breakpoints 

Relative length of Morphological Number 
the interchanged modification a of cells 

segments(%) observed 

8L 0.54 + 0.05 2.63 8L+ 5 
1L 0.22 + 0.06 6.60 1L- 
8L 0.40 + 0.09 3.43 8L- 13 

12L 0.38 + 0.08 2.13 12L+ 
5L 0.33 _+ 0.15 3.66 5L- 8 
6S 0.40 + 0.22 2.12 6S+ 
1L 0.89 _+ 0.06 0.93 1L+ 30 
4L 0.37 + 0.09 4.64 4L- 
2S 0.64 + 0.06 1.71 2S+ 5 
9L 0.38 _+ 0.11 2.52 9L- 
6L 0.66 _+ 0.10 1.52 6L+ 27 

10L 0.38 + 0.10 2.52 10L- 
10S 0.32 _+ 0.09 1.10 10S+ 29 
3L 0.83 + 0.05 1.18 3L- 

10L 0.60 + 0.07 1.63 10L- 16 
4S 0.56 + 0.04 0.81 4S+ 

10S 0.38 + 0.07 1.00 10S+ 16 
7L 0.34 + 0.07 3.10 7L- 
9L 0.34 + 0.19 2.69 9L- 20 
1L 0.49 + 0.16 1.95 IlL+ 

11L 0.52 + 0.20 1.83 11L- 7 
7L 0.69 _+ 0.09 1.46 7L+ 

the configurations of RT 1-4a revealed that the interchange 
of segments had occurred between chromosomes 8 and 12. 
As judged from the 13 cells that could be analyzed in which 
each chromosome could be clearly traced and identified, 
the two breakpoints occurred at 0.40 of the long arm of 
chromosome 8 and at 0.38 of the long arm of chromo- 
some12, respectively. This means that the exchanged seg- 
ments in RT 1-4a are about 3.43% and 2.13% in relative 
length, respectively. Consequently, the translocated chro- 
mosomes in RT 1-4a have a shorter long arm of chromo- 
some 8 and a longer long arm of chromosome 12 than their 
respective non-translocated homologous chromosomes 
(Table 2, column 5; also Fig. 1B). The cross configurations 
observed in the other RT lines (RT 1-3a, 3-11a, 5-9, 6-7, 
2-6a, 10-12 and 9-10) are shown in Fig. 2A-G, and 
the results of the karyotype analysis are summarized in 
Table 2, including the chromosomal arms involved, the 
breakpoints and the relative lengths o f  the interchanged 
segments. 

It should also be possible to use the relative lengths of 
the interchanged segments measured at pachytene to de- 
scribe the structural changes of the involved chromosomes. 
For example, in RT 1-3a, the two interchanged segments, 
2.6% and 6.6% in relative length (Table 2), from the long 
arms of chromosome 8 and 1, respectively, would increase 
the length of the long arm of chromosome 8 and decrease 
the length of the long arm of chromosome 1. This was con- 
firmed by prometaphase chromosome analysis (Fig. 3 A). 
The same was true in the case of RT 3-11a (Fig. 3 B). It 
was possible to identify interchanged chromosomes in the 
homozygote when the morphological change was substan- 
tial. For example, in the RT 3-11 a homozygote, the rela- 
tive length of chromosome 1 increased while that of chro- 
mosome 4 decreased; this was also reflected in their arm 

ratios(Fig. 4). In RT 7-8a, RT 7-11 and RT 7-2, the breaks 
occurred in a distinctive region, and consequently the chro- 
mosomal morphology had changed. In both the RT 7-8a 
and RT 7-12 lines, interchanges involved a heterochrom- 
atin fragment of the short arm of chromosome 10 and a 
euchromatin fragment from the long arm of chromosomes 
3 and 7, respectively, and resulted in a significant, mor- 
phological change of the translocated chromosomes 
(Fig. 5 A-D). In RT 7-11, the interchange involved the het- 
erochromatin fragment of the short arm of chromosome 4 
and the euchromatin fragment of the long arm of chromo- 
some 10 (Fig. 5 E, F). From the prometaphase figures it 
would have been difficult to identify the chromosomes con- 
cerned in these RTs if they had not involved the unique, 
heterochromatic, short arm of chromosome 4. In the case 
of RT10-12, where the lengths of the interchanged frag- 
ments were almost the same, but with no breaks in a het- 
erochromatic segment (Fig. 2 F), identification based on 
morphological change at prometaphase alone was almost 
impossible. 

On the basis of the above analysis, it was possible to 
identify the individual chromosomes in 2 RT lines that have 
1 chromosome in common. For example, chromosome 8 
was involved in the interchanges of both RT 1-3a and RT 
1-4a; accordingly, chromosome 1 in Nishimura's system 
corresponded to chromosome 8 in ours. In addition, the 
other 2 chromosomes, numbers 3 and 4 in Nishimura's 
system, corresponded to our chromosome 1 and 12, respec- 
tively. Similarly, we could designate chromosomes 6, 2 and 
7 in Nishimura's system as chromosomes 6, 5 and 10, re- 
spectively, by cytological evidence obtained from RT 
2-6a, RT 6-7 and RT 7-8a, and so on. Consequently, the re- 
lationship between the two numbering systems was estab- 
lished and is shown in Table 3 (cf. columns 1 and 2). 
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Fig. 2 A - G  Seven cross configurations at pachytene are exhibit- 
ed, each showing two nonhomologous chromosomes involved in a 
RT line. A R T  1-3a; the long arms of chromosomes 1 and 8 have 
been interchanged. The karyotype of this RT line at prometaphase 
is shown in Fig. 3A. B RT 3-11a; the long arms of chromosome 1 

4 i and 4 are involved. As a result, 1 and 4 ; had a longer and shorter 
long arm, respectively. The karyotype at prometaphase is shown in 
Fig. 3B. C RT 5-9; interchange occurred between the short arm of 
chromosome 2 and the long arm of chromosome 9. D RT 6-7; the 
long arms of chromosomes 6 and 10 are involved in the interchange. 
The difference in the length of the two interchanged segments is 

obvious. E RT 2-6a; the long arm of chromosome 5 and the short 
arm of chromosome 6 are involved. As a result, the long arm of 56 
became shorter while the short arm of 65 became longer. F RT 10- 
12; center of the cross was highly synaptic in comparison with that 
of the others (C, D). Both long arms of chromosomes 7 and 11 were 
involved but the lengths of the interchanged segments were quite 
similar. G RT 9-10; both long arms of chromosome 9 and 11 were 
involved. The interchange made the long arm of 911 shorter but that 
of 119 longer. This is discernible in the cross configuration. Bar: 
10 gm 
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Fig. 3A, B Mitotic prometa- 
phase preparations of RT 1-3a 
and RT 3-11 a heterozygotes. 
A Chromosome 1 s and 81 had 
their long arms respectively, 
decreased and increased. 
B Karyotype of RT 3-1 la heter- 
ozygote. The long arms of 
chromosome 1 and 4 have been 
interchanged. The resulting 
14and 41 had longer and shorter 
long arms, respectively. 
Bar: 10 gm 

Table 3 The corresponding re- 
lationship between rice chromo- 
somes and linkage groups 

a See the text for description 
b Nucleolar chromosome 
c The extra chromosome in a 
trisomic was identified as a 
translocated chromosome, i.e., 
chromosome 5 with a segment 
translocated from chromosome 
11, and so on (Chung and Wu 
1990) 

Chromosome 

Nishimura's RT lines 

Nishimura, This 
(1961) study 

Trisomic series 

IRRI IRRI IRRI Kyushu 
(Chung and Wu (Khush (Kurata (Iwata 
1987,1990) 1990) 1988) 1985) 

Linkage group 

Compiled Revised 
(Kinoshita (this 
1990) a study) 

1 ( t -3a ,  t -4a)  8 8 n b 
2 (2-6a) 5 511  c 

3 (1-3a, 3-11a) 1 1 
4 (1-4a) 12 12 
5 (5-9) 2 2 
6 (2-6a, 6-7) 6 69 
7 (6-7, 7-8a) 10 10 n 
8 (7-8a) 3 3 
9 (5-9, 9-10) 9 9 

10 (9-10) 11 117 
11 (3-1ta, 7-11) 4 4 
12 (7-12, 10-12) 7 7 

9 n 9 n K10 n V, VII VIII 
5 5 K 9 VI, IX V 
1 1 K 1 III I 

12 11 K 5 d-33 XII 
3 2 K 3 XI, XII II 
6 6 K 6 I VI 

l0 n 10 n K12 fgl X 
2 3 K 2 X III 

11 8 K 8 VIII IX 
7 7 K 11 IV XI 
4 4 K 4 II IV 
8 12 K 7 sug VII 

Discussion 

In Japan, there are 52 lines of  reciprocal t ranslocat ion 
available for l inkage studies (Iwata and Omura  1971 a, b; 
Yoshimura et al. 1982; Iwata et al. 1984 a, b), providing 
one of the most  useful  tools for the es tabl ishment  of a rice 
l inkage map. However,  before the present  study was con- 
ducted the chromosomes involved in these l ines had not  

been determined.  We have under taken karyotype analysis  
of 11 of Nish imura ' s  RT lines and have determined the 
chromosomes involved in the interchanges (Table 3, col- 
umn  2). 

Long before the availabil i ty of rice trisomic series 
(Iwata 1970; Khush et al. 1984), 12 l inkage groups were 
proposed on the basis of  genetic studies (Nagao and Tak- 
ahashi 1963). Later, attempts were made to relate l inkage 
groups and corresponding chromosomes by crossing a 



Fig. 4A, B Karyotypes of the 
RT 3-1 la homozygote. The 
morphology of the chromosome 
pairs of (1~14) and (4141) have 
substantially changed at both 
pachytene (A) and promenta- 
phase (B) compared with that 
of the nontranslocated chromo- 
somes 1 and 4 at pachytene 
(Fig. 2B) and prometaphase 
(Fig. 3B). Bar: 10 btm 
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strain with markers on a known linkage group to a trisomic 
strain (Iwata and Omura 1975, 1976, 1977, 1978, 1984; 
Iwata et al. 1978, 1984 a, b; Khush et al. 1984) or to a set 
of Nishimura's  reciprocal translocation lines (Sato et al. 
1973, 1975, 1982; Sato 1976; 1981; Kinoshita et al. 1975; 
Iwata and Omura 1971 a, b; Yoshimura et al. 1982), or by 
crossing identified trisomics to Nishimura 's  reciprocal 
translocation lines (Iwata and Khush 1983; Khush and 
Singh 1985). Unfortunately, there were discrepancies 
between the results of  these studies, and a unified corre- 
spondence of chromosomes and linkage groups did not 
merge. 

The discrepancies may have been due to the fact that 
the numbering of the extra chromosomes in the two tri- 
somic series, one of which is indica and another is japon- 
ica, are different. It is also possible that a mutant from 

different linkage groups may have been used in correlat- 
ing linkage groups and extra chromosomes (Iwata et al. 
1984 a, b; Khush et al. 1984). However, even when the 
same indica trisomic series was used, chromosomal iden- 
tifications from three laboratories were still different 
(Khush et al. 1984; Chung and Wu 1987, 1990; Kurata 
1988); a technical problem in chromosome identification 
thus existed. Although C. M. Rick suggested in a meeting 
(1985) the use of pachytene chromosomes in rice karyo- 
typing, our experience over the past two decades leads us 
to believe that it is better to use both meiotic pachytene and 
mitotic prometaphase chromosomes. The total consistency 
between the results of  our two independent experiments 
(Table 3, columns 2 and 3) may give support to this point. 

It was mentioned that the discrepancies may have arisen 
from the use of  different numbering systems that appeared 



962 

R 

D 

F 

Fig. 5A-F Karyotypes of RT 7-8a, RT 7-12 and RT 7-11. A and 
B RT 7-8a showing the interchange between the short arm of chro- 
mosome 10 and the long arm of chromosome 3 at pachytene (A) 
and at prometaphase (B) resulting in an increase in the length of the 
short arm of chromosome 10 and a decrease in that of the long arm 
of chromosome 3. The difference in length between the two trans- 
located segments was the minimum among all of the 11 lines ob- 
served. However, the translocation of the heterochromatic segment 
of chromosome 10 is obvious. C and D RT 7-12 showing that the 

heterochromatic segment of chromosome 10 has been interchanged 
at pachytene (C) and at prometaphase (D) with the euchromatic seg- 
ment of chromosome 7 resulting in a longer short arm of chromo- 
some 10 and shorter long arm of chromosome 7. E and F RT 7-11 
showing a similar heterochromatic and euchromatic interchange 
that has made the morphological change distinct occurred between 
the short arm of chromosome 4 and the long arm of chromosome 
10 (F).The cross configuration of the interchange is shown in E. 
Bar: 10 gm 

to be unif ied (Iwata 1985; Khush and Singh 1985). In fact, 
except for Nish imura  (1961), investigators have all used a 
system in which the chromosomes were arranged in a de- 
scending order of length. It seems more per t inent  and prac- 
tical to unify  rice karyotype identif icat ion in a part icular 

tr isomic series, in a single species or subspecies. With re- 
gard to this point, we have reported the karyotype of ja- 
ponica 'Ch ianung  242'  (Chert et al. 1982), 'Taichung 65'  
(Chen and Wu 1982) and of indica ' IR36 '  (Wu et al. 1985), 
which was used as a recurrent parent in backcrossing dur- 
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ing the es tab l i shment  of  the indica t r i somic  series (Khush 
et al. 1984). 

It is to be regre t ted  that the ear l ier  repor ted  ka ryo types  
were  not  cons idered  dur ing meet ings  (1985, 1986 and 1987 
at IRRI;  1989 at Tsukuba,  Japan; 1990 at Kurahs ik i  City, 
Japan and f ina l ly  1990 at IRRI  again)  he ld  for d i scuss ions  
on r ice c h r o m o s o m e  number ing  sys tems (Khush 1990). I f  
the repor ted  ka ryo type  of  ' IR36 '  had been  cons idered  or 
adopted  in ident i fy ing  extra  ch romosomes  in indica tri- 
somic  series,  d i sc repanc ies  would  have  not been so en- 
countered.  

These  results  lead  us to revise  the l inkage  groups  that 
have been so far cons t ruc ted  since Nagao  and Takahashi  
(1963) and compi l ed  by  Kinoshi ta  (1990). Table  3 gives a 
summar ized  compar i son  of  the present  results ,  and those  
of  some ear l ier  workers ,  on the number ing  of  r ice chromo-  
somes and their  co r respond ing  l inkage  groups.  Columns  1 
and 2 show, respect ive ly ,  N i sh imura ' s  (1961) arbi t rary  
c h r o m o s o m e  numbers  and those p roduced  in this s tudy of  
his RT lines.  Columns  3, 4, 5 and 6 show the var ious  pro-  
posa ls  ar is ing f rom studies of  t r i somics;  the p roposa l s  of  
co lumn 3 (Chung and Wu 1987, 1990), but  not  the other  
columns,  are ent i re ly  cons is ten t  with those of  co lumn 2 
(this study).  Final ly ,  because  the re la t ionship  be tween  the 
compi l ed  l inkage  groups  (column 7) and N i s h i m u r a ' s  
ch romosomes  had  been  wel l  e luc ida ted  ( Iwata  and Omura  
1971 a, b; Sato et al. 1973, 1975; Kinosh i ta  et al. 1975; 
Sato 1976; Sato et al. 1982; Yoshimura  et al. 1982; Iwata  
et al. 1984 a, b; Iwa ta  1985), we were able to make  the re- 
v ised  l inkage  groups (co lumn 8) cor responding  to the iden-  
t i f ied ch romosomes  (co lumn 2). 
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