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Abstract A biotin-labeled in situ hybridization tech- 
nique was used in order to physically map RFLP 
markers to the chromosomes of rice (Oryza sativa L.). 
Fourteen RFLP markers, associated with the ends of the 
linkage groups on rice chromosomes 7, 8, 11, 12, were 
physically mapped onto specific regions of the chromo- 
somes. The average detection rate of in situ hybridi- 
zation was 5.91%. The markers were located on seven 
different chromosome arms. Ten of the fourteen markers 
were distributed near the chromosome ends. This de- 
monstrated that the RFLP linkage groups involved 
covered a wide physical distance and that the cen- 
tromeric region was bisected by all but one linkage 
group. Two markers covered a short genetic distance 
but were physically distant, while two covering a longer 
genetic distance were physically closer together. This 
indicates that considerable variation can, and does, exist 
between genetic and physical maps. 
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Introduction 

RFLP linkage maps have been developed in rice (Oryza 
sativa L). McCouch et al. (1988) mapped 135 RFLP geno- 
mic clones and gene markers, Tanksley et al. (1989) 
mapped 144 RFLP genomic clones and gene markers, 
and Saito et al. (1991) mapped 350 RFLP genomic clones. 
The number of mapped RFLP genomic clones is thus 
steadily increasing. These RFLP linkage maps have a 
number of advantages over classical genetic maps and 
offer new opportunities for applications in genetics and 
breeding. However, at present, the RFLP maps and 
physical maps often show that, while markers have the 
same order along the chromosome, there may be little 
correlation between the separation distances of markers 
on the two types of map. Gustafson and Dill6 (1992) 
reported that there was considerably variation between 
the genetic and physical maps of rice. Genetic linkage, 
and gene and sequence interdependence, can be under- 
stood only by developing the physical maps (Heslop- 
Harrison 1991). 

Within the genus Triticum it has been noted that the 
physical distances between genes are often quite differ- 
ent from the observed genetic distances (Dvorak et al. 
1984; Sears 1984; Snape et al. 1985; Dvorak and Appels 
1986; Curtis and Lukaszewski 1991; Lukaszewski and 
Curtis 1993). It seems that the distal part of cereal 
chromosomes show a significantly-higher degree of ge- 
netic recombination than does the chromosome region 
proximal to the centromere (Linde-Laursen 1982; Jam- 
pates and Dvorak 1986; Curtis and Lukaszewski 1991; 
Lukaszewski 1992), a situation which has been observed 
in other plant and animal species. Lukaszewski and 
Curtis (1993) go on to indicate that there can be a 
recombination distribution difference of 153-fold in the 
number of basepairs (bp) per cM (centimorgan). How- 
ever, their statistics assumed that the DNA was equal in 
density along the length of the chromosome, and did not 
take into account the presence of heterochromatic 
blocks or regions with different chromosome coiling and 
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condensat ion which may influence recombination.  It 
appears that in wheat, Triticurn aestivum L. em Thell., 
the frequency of recombinat ion dramatically increases 
the further from the centromere that loci are located, as 
was noted when analyzing telocentric chromosomes  
(Sears 1972). 

It has even been observed that there can be a differ- 
ence in the distribution of recombinat ion frequencies 
between short  and long chromosome arms of various 
cereals (Gustafson and Dill6 1992; Lukaszewski and 
Curtis 1993). Gustafson and Dill6 (1992) went on to 
show that significant differences between physical and 
genetic differences can also occur within an arm of a 
chromosome.  In rice there did not  appear  to be any 
pat tern to the recombinat ion differences, and variat ion 
between the physical and genetic distances could occur 
on either the short or long arms. 

At the present time, in situ hybridizat ion (ISH), or 
variations on this technique, appear  to be the best 
method  for the physical mapping of genes or R F L P s  on 
chromosomes.  This technique can be used to physically 
map  all classes of D N A  sequences directly to the chro- 
mosomes of any plant or animal species. Up  to now, 
using ISH, both  repeated D N A  sequences (Appels et al. 
1980; Hutchinson et al. 1981; Mascia et al. 1981; Appels 
and McIntyre  1985; Mukai  et al. 1990; Leitch et al. 1991; 
Maluszynska and Heslop-Harr ison 1991; Moore  et al. 
1991; Mukai  et al. 1991) and low-copy or unique se- 
quences (Ambros et al. 1986; Mouras  et al. 1987; Shen 
et al. 1987; Huang  et al. 1988; Simpson et al. 1988; Clark 
et al. 1989; Shen and Wu 1989; Gustafson et al. 1990a, b; 
Gustafson and Dill6 1992) have been mapped  in some 
plant species. The above studies have provided novel 
information about  genome organization, gene activity, 
recombinat ion,  and the application of the physical map- 
ping of genes and D N A  sequences to plant breeding. 
The results of ISH in rice (Gustafson and Dill~ 1992) 
indicated that the linkage maps did not  cover the entire 
genome and that there were several non-polymorphic  
regions on different chromosomes.  Linde-Laursen (per- 
sonal communicat ion)  confirmed the presence of active 
and inactive gene loci and physically mapped  their sites 
on chromosomes  in Hordeum marinum ssp. gussoneanum 
(4x). Moore  et al. (1991), using ISH, found that an 
element of the genome, which comprised some 5 % of the 
total  D N A  of barley (Hordeum vulgare L.), was located 
over most  chromosome arms, except for the telomeric 
and nucleolar-organizing regions. 

The chromosomes  in rice are very small and conse- 
quently ISH is more  difficult in rice than in many  other  
plants. Combining improvements  to the protoplast  
technique, developed by Dill~ et al. (1990) for making 
high-quality chromosome preparations,  with biotin 
labeling with enzyme-conjugated reporters (Ambros 
et al. 1986; Simpson et al. 1988; Gustafson et al. 1990a,b; 
Gustafson and Dill6 1992) for reducing nonspecific hy- 
bridization signals and for improving the detection of 
target sequences, has allowed for the mapping of R F L P  
clones to rice chromosomes.  Twenty-three rice R F L P  

markers and the 5S D N A  gene complex located on 
chromosomes 1-6, 9 -10  have been physically mapped 
(Gustafson and Dill6 1992; Song and Gustafson 1993). 
The present study was designed to physically locate the 
remaining R F L P  linkage groups from the Tanksley 
et al. (1989) map to chromosomes 7-8, 11-12 and to 
analyze the relationship between the genetic and physi- 
cal maps. The new rice chromosome numbering system, 
adopted at the 2nd Internat ional  Rice Genetics Sympo- 
sium, Manila, The Philippines, was utilized in the pres- 
ent Study. This new system changed the numbering of 
chromosome 6 to its present number,  chromosome 12. 

Materials and methods 

Materials 

Plants. O. sativa cv 'IR 36' was supplied by Dr. G. Khush, Interna- 
tional Rice Research Institute, Los Banos, The Philippines. 
DNA probes. The RFLP probes, which include RG29, RG4, RG170, 
RG165, RG30, RG20, RG28, RG365, RG353, RGll8, RG181, 
RG361, RG98, and RG190, were supplied by Dr. S. R. McCouch, 
Department of Plant Breeding and Biometry, Cornell University, 
Ithaca, New York, USA. All clones are present in the plasmid pUC8. 

Methods 

Chromosome preparations. The protoplast technique employed was 
that developed by Dill6 et al. (1990) with the following modifications. 
The harvested root tips were immediately fixed in ethanol-acetic acid 
(3:1) without pretreatment. After a 5 M HC1 treatment for 90 min, the 
materials were digested in 1% cellulase-1% pectolyase (Karlan), for 
50-60 rain. The protoplast spreads were then prepared by the follow- 
ing steps: (1) the enzyme solution was removed fl'om the root tips and 
5 10ml of deionized water was added; (2) a Pasteur pipette was used 
to carefully remove four root-tips and gently place them on a slide fol- 
lowed by blotting away the excess water; (3) a scalpel was used to break 
apart the root tips, thus making a protoplast slurry on the slide; (4) 
immediately, 2-3 drops of 3 : 1 fixative were added to the slurry; and 
(5) the slide was then tilted and rotated to spread the slurry uniformly. 

The techniques of biotin labeling, in situ hybridization, and for the 
detection of hybridized probes were those used by Gustafson and 
Dill~ (1992). 

The in situ hybridization slides were analyzed using a Zeiss 
photomicroscope III and a Hamamatsu Image Enhancement system 
attached to a high-resolution television monitor. All chromosome 
measurements were made directly from the television screen with a 
pair of calipers. An average of the hybridization-site measurements 
was taken by calculating the distance from the centromere to the 
detection site and using that as a percentage of the arm on which the 
site was located. A percentage was used because it eliminated the 
problems associated with variation in chromosome condensation. 
The standard deviation was then calculated for the group of measure- 
ments. The arm ratio of the chromosome showing a detection site was 
also measured and standard deviations were calculated in order to 
determine if the site was located on the same chromosome. This was 
also a check for the potential occurrence of any spurious hybridi- 
zation sites. The standard errors were so small as to minimize the 
possibility of having included any false hybridization sites in the 
measurements (see Table 1). 

Results and discussion 

Gustafson and Dill6 (1992) physically mapped  the 
end markers  of the linkage groups (Tanksley et al. 
1989) associated with rice chromosomes 1-6, 9-10. The 
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Fig. 1 The RFLP linkage map (Tanksley et al. 1989) and chromo- 
some karyotypes showing the physical location of the hybridized 
RFLP markers for chromosomes 7 8, 11-12 in rice (Oryza saiiva L.) 

present study physically mapped 14 markers of linkage 
groups associated with chromosomes 7-8, 11-12 (Fig. 1). 
A total of 2082 late-prophase or early-metaphase 
spreads were analyzed and 123 hybridization sites 
(Table 1) were detected (5.91%). This rate of detection is 
very close to that (6.06%) reported by Gustafson and 
Dill6 (1992). The results showed that the genomic clones 
RG30, and RG29 and RG20 hybridized to sites near the 
ends of the long arm of chromosome 7, and the short 
arm of chromosome 8, respectively, while the genomic 
clones RG28 and RG365 hybridized to sites near the 
ends of the long arm of chromosome 8. The genomic 
clone RG353 hybridized to a site near the end of the 
short arm of chromosome 11. Genomic clones RG190, 
R181, and RG361 hybridized to a site near the end of the 
short arm, while RG98 hybridized to a site near the end 
of the long arm of chromosome 12 (Fig. 2d-i, k - n  Table 
1). Even though the arms of all the chromosomes are 
very close to being metacentric, by using late-prophase 
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and early-metaphase chromosome preparations, it was 
possible to distinguish the short from the long arms of all 
four chromosomes, as can be seen from the arm ratios 
listed in Table i and Fig. 2. It also merits comment that 
the position of the above genomic clones seems to be 
physically near the ends of the chromosomes. The 
labeled spots were all associated with the flanks of the 
chromatid near the end, rather than exactly on the end. 

RG29 was originally mapped by McCouch et al. 
(1988) and Tanksley et al. (1989) to the linkage group for 
chromosome 7. The present study found it to hybridize 
to the short arm of chromosome 8. This apparent con- 
flict was cleared up by Tanksley (1992) when the new 
Cornell linkage map placed RG29 on the linkage group 
associated with chromosome 8. However, RG98, shown 
by McCouch et al. (1988) to be located on the chromo- 
some 12 linkage group, was also shown in the present 
study to hybridize to a site on chromosome 12 whereas 
the 1992 Cornell map has it located on the end of the 
chromosome-ll  linkage group. There are several pos- 
sible reasons for the observed differences. First, the 1988 
and 1992 Cornell maps involve different mapping popu- 
lations, which can result in changes in clone location. 
Second, whereas the present results show RG98 to hybrid- 
ize to a site on chromosome 12 of rice variety IR36, it 
could hybridize to a different chromosome in another 
variety because of the occurrence of chromosomal inter- 
changes. Finally, because of the similarity in size of 
chromosomes 11-12 we could have mis-mapped RG98 
to the wrong chromosome. This is possible but unlikely 
since in three different studies spanning a period of 5 
years no false hybridization sites have been detected in 
analyzing over 5 000 cells involving 50 rice clones. 

The genomic clones RG4 RG170 hybridized to sites 
midway along the long arm of chromosome 7, where the 
average percent distances and their standard deviations 
were 45.67 + 6.29 and 64.79 + 5.87 (Figs. 1, 2 b-c, Table 1). 
The genomic clones RGl l8  and RG165 hybridized to 

Table 1 Arm ratios and RFLP 
location averages for the 
chromosomes in the rice genome 

a Percent distance from the 
centromere 
b Standard deviation 
c SA or LA, Short or long arm 

RFLP No. of Ratio of long to short arm RFLP location (%)a 
detections and SA or LA ~ 

Chromosome 7 
RG 165 11 1.21 __ 0.05 b ~ 0 LA 
RG4 8 1.12_+ 0.05 45.67_ 6.29 LA 
RG 170 6 1.19_+ 0.04 64.79_+ 5.87 LA 
RG 30 7 1.17 _+ 0.06 ~ 100 LA 
Chromosome 8 
RG 29 7 1.11 • 0.03 ~ 100 SA 
RG 20 9 1.08 + 0.01 ~ 100 SA 
RG 28 7 1.08 + 0.02 ~ 100 LA 
RG 365 8 1.17 _+ 0.03 ~ 100 LA 
Chromosome 11 
RG 353 11 1.14 + 0.03 ~ 100 SA 
RG 118 8 1.14_+0.03 ~ 0  LA 
Chromosome 12 
RG 190 11 1.16 _+ 0.04 ~ 100 SA 
RG 181 7 1.18 _+ 0.06 ~ 100 SA 
RG 361 15 1.11 _+0.03 ~ 100 SA 
RG 98 8 1.22 _+ 0.02 ~ 100 LA 
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sites at the region near the centromere on the long arm of 
chromosomes 11 and 7 respectively (Figs. 1, 2j and 2a, 
Table 1), which makes them the first clones in either rice, 
wheat, or barley to physically map to a centromeric region. 
Figure 2 shows that there was little or no background 
labeling and all of the hybridization signals were clear. 

The signals were found on one chromatid of a homo- 
logue in each labeled cell except in one cell labeled by the 
genomic clone RG361 which showed hybridization sites 
on each chromatid of a single chromosome. This situation 
is not uncommon (Clark et al. 1989; Viegas-Pequignot 
etal. 1989). As indicated, the level of detection was 
5.91%; therefore, the expected percentage for the simul- 
taneous detection of the two spots would be very low. 

The average arm ratios of the chromosomes labeled 
by each genomic clone were very close to those of the 
corresponding chromosomes in the karyotype (Fig. 1) 
which was constructed according to the data from 
Kurata (1986). The average arm ratios of chromosomes 
labeled by two genomic clones in the same RFLP 
linkage group, for example, RG20 and RG28, or RG353 
and RGll8 ,  were the same or almost the same. The 

chromosomes labeled by RG361 and RG98 show a 
difference in average arm ratio of0.11 (Table 1), which is 
not unusual. Standard deviations ranged from 0.01 to 
0.06 (Table 1), indicating that all measurements for the 
chromosomes labeled by the same genomic clone were 
taken from the same rice chromosome. Therefore, the 
present results were consistent with the data for the 
chromosomal location of the RFLP linkage groups 
(McCouch et al. 1988; Tanksley et al. 1989). 

Comparable to the results for chromosomes 1 and 5 
that Gustafson and Dill~ (1992) reported, each of two 
terminal RFLP markers for chromosomes 8, 11-12 
spanned a centromere and were distributed on both 
chromosome arms, while that from chromosome 7 was 
not ascertained. Each of two markers in chromosomes 8 
and 12 hybridized to sites near the ends of both arms. 
This demonstrated that the RFLP markers of the link- 
age group convered a wide region of the chromosome's 
physical length. The linkage group for chromosome 11 
contained 11 RFLPs covering 118 cM, while the linkage 
group for chromosome 12 contained 8 RFLPs covering 
72cM (Fig. 1). The physical distance covered by the 
linkage group for chromosome 11 spanned only the 
region of the long arm near the centromere to the region 
near the end of the short arm, but the distance covered 
by the linkage group for chromosome 12 extended from 
the region near the end of the long arm to that near the 
end of the short arm. This means that the greatest 
recorded cM distance was not the largest in terms of the 
physical distance covered on the chromosome and that 
there was some variation between genetic and physical 
maps. This agrees with other reports (Lucchesi and Suzuki 
1968; Singh and Shepherd 1984; Dooner et al. 1985; 
Dooner 1986; Meagher et al. 1988; Gustafson et al. 
1990a, b; Gustafson and Dill6 1992; Lukaszewsk and 
Curtis 1993) in both plants and animals. When studying 
rice, Gustafson and Dill6 (1992) stated that these differ- 

Fig. 2a-n a Early metaphase chromosomes showing a hybridization 
site with probe RG 165 on the long arm of chromosome 7 (Note: in 
this and all other Figs. the small arrow denotes the hybridization site 
and the large arrow denotes the centromere), b Late prophase chro- 
mosomes showing a hybridization site with probe RG 4 on the long 
arm of chromosome 7, e Early metaphase chromosomes showing a 
hybridization site with probe RG 170 on the long arm of chromosome 
7. d Early-metapbase chromosomes showing a hybridization site with 
probe RG 30 on the long arm of chromosome 7. e Late prophase 
chromosomes showing a hybridization site with probe RG 29 on the 
short arm of chromosome 8. f Early-metaphase chromosomes show- 
ing a hybridization site with probe RG 20 on the short arm of 
chromosome 8. g Early-metaphase chromosomes showing a hybrid- 
ization site with probe RG 28 on the long arm of chromosome 8. 
h Early-metaphase chromosomes showing a hybridization Site with 
probe RG 365 on the long arm of chromosome 8. i Early-metaphase 
chromosomes showing a hybridization site with probe RG 353 on the 
short arm of chromosome 11. ] Early-metaphase chromosomes show- 
ing a hybridization site with probe RG 118 on the long arm of 
chromosome 11. k Late-prophase chromosomes showing a hybridi- 
zation site with probe RG 190 on the short arm of chromosome 12. 
! Early-metaphase chromosomes showing a hybridization site with 
probe RG 181 on the short arm of chromosome 12. m Early meta- 
phase chromosomes showing a hybridization site of probe RG 361 on 
the short arm of chromosome 12, n Late-prophase chromosomes 
showing a hybridization site of probe RG 9 8 o n  the long arm of 
chromosome 12 

ences could be due to the varying distribution of hetero- 
chromatin blocks, the presence of recombinational 
"cold" spots, and different states of DNA condensation 
on the chromosomes. All of these could be relevant 
factors in causing the differences, but the actual reason 
may be more complicated and remains to be elucidated. 

It is clear that the lengths of recombinational maps 
can differ from the physical location of the probes. Part 
of this problem could be due to the fact that most 
molecular genetic maps have been derived from crosses 
involving distantly-related parents. It is widely known 
that, in cereals, crosses involving distantly-related par- 
ents can and do show a level of reduced meiotic pairing, 
which results in misdivision and even in an increase in 
the frequency of aneuploids. These factors can lead to an 
error in the calculation of genetic distances (Dvorak and 
Chen 1984; Curtis et al. 1991). Unfortunately, many 
species show drastically-reduced levels of polymor- 
phism when closely-related parents are used, which 
makes for great difficulties in genetic mapping. 

In situ hybridization can only give a close estimate of 
the physical location of a DNA sequence, because the 
labeled sites are capable of being large enough to cover 
up to a million basepairs. Another reason may be that 
different regions of the chromosomes have varying 
states of condensation during the mitotic process. Parts 
of the heterochromatin may pass through the cell cycle 
with relatively little change in the degree of condensa- 
tion, while euchromatin exists in different states of con- 
densation in different mitotic stages (Levin 1990). 
Kurata (1986), Dill6 et al. (1990), Fukui and Iijima (1991) 
and others have shown that rice chromosomes appeared 
to condense differently from one part of the chromo- 
some to another during the early stages of mitosis. It 
would be a serious mistake to assume that the DNA is 
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coiled, and distributed, equally on every chromosome of 
any given species. Therefore, it is possible that the 
percent distance of a given hybridization site from the 
centromere will still show some variation in different 
mitotic stages both within and between chromosomes 
and species. The genomic clone RG4 was located mid- 
way on the long arm of chromosome 7, with the shortest 
percent distance from the centromere to a hybridization 
site being 40 %, and the longest being 57.15 %, giving an 
average percent distance of 45.67% +_ 6.29 (Table 1). The 
hybridization results of other probes showed that differ- 
ent cells labeled by the same probe had some hybridiz- 
ation sites very close to the end of the chromosome, 
while others were not quite at the end of the same 
chromosome. This may be due to the chromosomes 
sampled not being at the same mitotic stage. It is well 
known that the condensation state of chromosomes is 
not the same in different mitotic stages and may even 
vary within the same stage. 

Acknowledgments This research was supported by a grant from 
the Education Committee of the People's Republic of China to 
Y.C. Song and a Rockefeller Foundation grant, RF 86059-3, to J.P. 
Gustafson. 

References 

Ambros PF, Matzke MA, Matzke AJM (1986) Detection of a 17 kb 
unique sequence (T-DNA) in plant chromosomes by in situ 
hybridization. Chromosoma 94:11 - 18 

Appels R, McIntyre CL (1985) Cereal genome organization as re- 
vealed by molecular probes. In: Miflin BJ (ed) Oxford survey of 
plant molecular and cellular biology, vol 2. Oxford University 
Press, England, pp 235-252 

Appels R, Gerlach WL, Dennis E, Swift H, Peacock WJ (1980) 
Molecular and chromosomal organization of DNA sequences for 
the ribosomal RNAs in cereals. Chromosoma 78:293-312 

Clark M, Karp A, Archer S (1989) Physical mapping of the B-hordein 
loci of barley chromosome 5 by in situ hybridization. Genome 32 : 
925-929 

Curtis CA, Lukaszewski AJ (1991) Genetic linkage between C-bands 
and storage protein genes in chromosome 1B of tetraploid wheat. 
Theor Appl Genet 81:245-252 

Curtis CA, Lukaszewski AJ, Chrazastek M (1991) Metaphase-I pair- 
ing of deficient chromosomes and genetic mapping of deficiency 
breakpoints in wheat. Genome 34:553-560 

Dille JE, Bittel DC, Ross K, Gustafson JP (1990) Preparing plant 
chromosomes for scanning electron microscopy. Genome 33: 
333-339 

Dooner HK (1986) Genetic fine structure of the bronze locus in maize. 
Genetics 113:1021-1036 

Dooner HK, Weck E, Adams S, Ralston E, Favreau M, English J 
(1985) A molecular genetic analysis of insections in the bronze 
locus in maize. Mol Gen Genet 200: 240 246 

Dvorak J, Appels R (1986) Investigation of homologous crossing- 
over and sister chromatid exchange in the wheat NorB2 locus 
coding for rRNA and the GliB2 locus coding for gliadins. Genetics 
113:t037-1056 

Dvorak J, Chen K-C (1984) Distribution of nonstructural variation 
between wheat cultivars along chromosome 6Bp: evidence from 
the linkage map and physical map of the arm. Genetics 
106:325-333 

Dvorak J, Chen K-C, Giorgi B (1984) The C-band pattern of a Ph- 
mutant of durum wheat. Can J Genet Cyto126:360-363 

Fukui K, Iijiman K (1991) Somatic chromosome map of rice by 
imaging methods. Theor Appl Genet 81:589-596 

Gustafson JP, Dill6 JE (1992) The chromosomal location of Oryza 
sativa recombination linkage groups. Proc Natl Acad Sci USA 89 : 
8646-8650 

Gustafson JP, Butler E, Mclntyre CL (1990a) Physical mapping of a 
low-copy DNA sequence in rye (Secale cereale L.) Proc Natl Acad 
Sci USA 87 : 1899-1902 

Gustafson JP, McIntyre, CL, Dill6 JE (1990b) Physical mapping of 
rice restriction fragment length polymorphism clones. Proc 2rid 
Int Rice Genet Symp, IRRI, Manila, p 83 

Heslop-Harrison JS (1991) The molecular cytogenetics of plants. J 
Cell Sci 100:15 21 

Huang P.-L, Hailbrock K, Somssich IE (1988) Detection of a single- 
copy gene on plant chromosomes by in situ hybridization. Mol 
Gen Genet 211 : 143-147 

Hutchinson J, Flavell RB, Jone J (1981) Physical mapping of plant 
chromosomes by in situ hybridization. In: Setlow JK, Hollaender 
A (eds) Genetic engineering, vol 3. Plenum Press, New York, pp 
207-222 

Jampates R, Dvorak J (1986) Location of the Phl locus in the 
metaphase chromosome map and linkage map of the 5Bq arm of 
wheat. Can J Genet Cytol 28:511-519 

Kurata N (1986) Chromosome analysis of mitosis and meiosis in rice. 
In: Rice genetics. Int Rice Res Inst, Manila, pp 143-152 

Leitch IJ, Leitch AR, Heslop-Harrison JS (1991) Physical mapp- 
ing of plant DNA sequences by simultaneous in situ hybri- 
dization of two different labelled fluorescent probes. Genome 
34:329-333 

Levin B (1990) Gene IV. Oxford University Press, New York, p 396 
Linde-Laursen I (1982) Linkage map of the long arm of barley 

chromosome 3 using C-bands and marker genes. Heredity 49: 
27-35 

Lucchesi JC, Suzuki DT (1968) The interchromosomal control of 
recombination. Annu Rev Genet 2:53-86 

Lukaszewski AJ (1992) A comparison of physical distribution of 
recombination in chromosome 1R in diploid rye and in hexaploid 
triticale. Theor Appl Genet 83:1048-1053 

Lukaszewski AJ, Curtis CA (1993) Physical distribution of recom- 
bination in B-genome chromosomes of tetraploid wheat. Theor 
Appl Genet 86:121-127 

Maluszynska J, Heslop-Harrison JS (1991) Localization of tandemly- 
repeated DNA sequences in Arabidopsis thaliana. The Plant J 1 : 
159-166 

Mascia PN, Rubenstein I, Phillips RL, Wang AS, Lu ZX (1981) 
Localization of the 5S rRNA genes and evidence for diversity in 
the 5S rDNA region of maize. Gene 15:7-20 

McCouch SR, Kochert G, Yu ZH, Wang ZY, Khush GS, Coffman 
WR, Tanksley SD (1988) Molecular mapping of rice chromo- 
somes. Theor Appl Genet 76:815-829 

Meagher RB, McLean MD, Arnold J (1988) Recombination within a 
subclass of restriction fragment length polymorphisms may help 
link classical and molecular genetics. Genetics 120: 809-818 

Moore G, Cheung W, Schwarzacher T, Flavell RB (1991) BIS 1, a 
major component of the cereal genome and a tool for studying 
genomic organization. Genomics 10:469-476 

Mouras A, Saul MW, Essad S, Potrykus IE (1987) Localization by in 
situ hybridization of a low-copy chimeric resistance gene intro- 
duced into plants by direct transfer. Mol Gen Genet 207: 204-209 

Mukai Y, Endo TR, Gill BS (1990) Physical mapping of the 5S rRNA 
multigene family in common wheat. J Hered 81:290-295 

Mukai Y, Endo TR, Gill BS (1991) Physical mapping of the 18S, 26S 
rRNA multigene family in common wheat: identification of a new 
locus. Chromosoma 100:71-78 

Saito A, Yano M, Kishimoto N, Nakagahara M, Yoshimura A, Saito 
K, Kuhara S, Ukai Y, Kawase M, Nagamine T, Yoshimura S, 
Ideta O, Ohsawa R, Hayano Y, Iwata N, Sugiura M (1991) 
Linkage map of restriction fragment polymorphism loci in rice 
Japan J Breed 41 : 665-670 

Sears ER (1972) Reduced proximal crossing-over in telocentric chro- 
mosomes of wheat. Genet Iber 24:233-239 

Sears ER (1984) Mutations in wheat that raise the level of meiotic 
pairing. In: Gustafson JP (ed) Gene manipulation in plant im- 
provement. 16th Stadler Genetics Symposium. Plenum Press, 
New York, pp 295-300 



119 

Shen DL, Wu M (1989) Transmission electron microscopic study of 
maize pachytene chromosome 6. Stain Technol 64: 65-73 

Shen DL, Wang Z-F, Wu M (1987) Gene mapping on maize pachy- 
tene chromosomes by in situ hybridization. Chromosoma 95: 
311-314 

Simpson PR, Newman MA, Davies DR (1988) Detection of legumin 
gene DNA sequences in pea by in situ hybridization. Chromo- 
soma 96:454 458 

Singh NK, Shepherd JW (1984) Mapping of the genes controlling 
high-molecular-weight glutelin subunits of rye on the long arm of 
chromosome 1R. Genet Res 44:117-123 

Shape JW, Flavell RB, O'Dell M, Hughes WG, Payne PI (1985) 
Intrachromosomal mapping of the nucleolar-organizer region 

relative to three marker loci on chromosome 1B of wheat 
(Triticum aestivum). Theor Appl Genet 69:263-270 

Tanksley S, McCouch S, Yu Z, Wang Z, Fulton S (1989) RFLP map 
of rice chromosomes. Rice Genet Newslett 5:128-130 

Song YC, Gustafson JP (1993) Physical mapping of the 5S RNA gene 
in rice (Oryza sativa L.). Genome 36:658-661 

Viegas-Pequignot E, Dutrillaux B, Magdelenat H, Coppey-Moisan 
M (1989) Mapping of single-copy DNA sequences on human 
chromosomes by in situ hybridization with biotinylated probes: 
enhancement of detection sensitivity by intensified-fluore- 
scence digital imaging microscopy. Proc Natl Acad Sci USA 86 : 
582-586 


