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Summary. We report the construction of an RFLP genet- 
ic map of rice (Oryza  sativa) chromosomes. The map is 
comprised of 135 loci corresponding to clones selected 
from a Ps t I  genomic library. This molecular map covers 
1,389 cM of the rice genome and exceeds the current 
classical maps by more than 20%. The map was generat- 
ed from F z segregation data (50 individuals) from a cross 
between an indica and javanica rice cultivar. Primary 
trisomics were used to assign linkage groups to each of 
the 12 rice chromosomes. Seventy-eight percent of the 
clones assayed revealed RFLPs between the two parental 
cultivars, indicating that rice contains a significant 
amount of RFLP variation. Strong correlations between 
size of hybridizing restriction fragments and level of 
polymorphism indicate that a significant proportion of 
the RFLPs in rice are generated by insertions/delections. 
This conclusion is supported by the occurrence of null 
alleles for some clones (presumably created by insertion 
or deletion events). One clone, RG229, hybridized to 
sequences in both the indica and javanica genomes, 
which have apparently transposed since the divergence of 
the two cultivars from their last common ancestor, pro- 
viding evidence for sequence movement in rice. As a by 
product of this mapping project, we have discovered that 
rice DNA is less C-methylated than tomato or maize 
DNA. Our results also suggest the notion that a large 
fraction of the rice genome (approximately 50%) is single 
copy. 
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Introduction 

Rice, in many respects, is an ideal monocot species for 
genetic and molecular studies. It is diploid (2n = 24), has 
a relatively small genome (C = 0.6 pg), and can be regen- 
erated from protoplasts and transformed by exogenous 
DNA (Bennett and Smith 1976; Yamada et al. 1985; Lorz 
and Gobel 1986; Uchimiya et al. 1986). In addition, it is 
the most widely-grown crop plant worldwide, being a 
staple food for more than half the world's population 
(Coffman and Juliano 1987). Finally, there is a vast reser- 
voir of germplasm ( > 200,000 accessions) of both domes- 
ticated and wild rices maintained by rice researchers 
worldwide. 

Genetic studies over the past 70 years have led to the 
establishment of a linkage map of rice chromosomes 
based on morphological markers and, more recently, iso- 
zyme markers (Kinoshita 1986; Kush and Singh 1986; 
Wu et al. 1987; Ranjhan et al. 1988). While these maps 
have provided important insights into the genetics and 
cytology of rice, they embody inherent limitations com- 
mon to classical genetic maps. The majority of the 
markers consist of morphological mutant loci which are 
undesirable in breeding populations. In addition, alleles 
of these loci are normally recessive, seriously limiting the 
types of crosses in which they can be utilized successfully. 

Molecular linkage maps have been, or are being, devel- 
oped in several crop species including tomato (Bernatzky 
and Tanksley 1986a; Tanksley etal. 1987), maize 
(Helentjaris 1987; Burr et al. 1988), lettuce (Landry et al. 
1987), and potato (Bonierbale et al. 1988). These maps, 
based largely on cloned DNA sequences, have a number 
of inherent advantages over classical maps and may pro- 
vide new opportunities for applications in genetics and 
breeding. Since variation is detected directly at the DNA 
level, the alleles behave in a codominant manner and 
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normal ly  have no  visible effect on  the phenotype .  Be- 
cause of  the large n u m b e r  o f  these markers  that  can be 
isolated, it is possible to develop l inkage maps  that  are, 
for practical  purposes,  sa tura ted  with genetic markers  
(Tanksley et al. 1987). Pract ical  appl icat ions  of  these new 
maps  include tagging and  t racking major  genes of  eco- 
nomic  interest,  such as those for disease resistance and  
male sterility, as well as dissecting the genetics of  more  
complex traits - those that  are quant i ta t ive ly  inheri ted 
(Tanksley  1982; Burr  et al. 1983; Pa te rson  et al. 1988). 

We have embarked  on  a project  to develop a satu- 
ra ted l inkage m a p  of  rice chromosomes .  Such a m ap  
promises to be of  immedia te  pract ical  use in the breeding 
of  this i m p o r t a n t  crop, and  to offer an  oppor tun i ty  to 
study, in greater detail,  the o rgan iza t ion  and  evo lu t ion  of  
the rice genome.  We repor t  here the first vers ion of  the 
rice molecular  map  an d  describe what  we have learned 
abou t  the o rgan iza t ion  a n d  behavior  of  the rice genome 
dur ing  the cons t ruc t ion  of  that  map.  

Materials and methods 

DNA extractions 

Fresh-frozen or freeze-dried leaf tissue was ground to a fine 
powder with 0.5 mm glass beads in liquid nitrogen using a mortar 
and pestle. The frozen powdered tissue was mixed with urea- 
phenol extraction buffer (Shure et al. 1983), SDS added to 
0.6%, and the solution incubated at 65 ~ inverting gently at 
5 min intervals for 15 min. The mixture was then extracted with 
chloroform: isoamyl alcohol (24:1) to remove proteins and pig- 
ments, prior to phase separation by centrifugation (2,000 g for 
15 min). The upper phase, containing the DNA, was pipetted off 
through a layer of Miracloth between extractions. DNA was 
precipitated with 2 volumes 95% EtOH, rinsed in 70% EtOH. 
dissolved in TE, and re-centrifuged. The supernatant was 
RNased (to 10~tg/ml), re-precipitated with 0.1 volume 6 M LiC1 
and 2 volumes 95% EtOH, re-dissolved in TE, and quantified 
on the spectrophotometer. 

Genomic library construction 

Total plant DNA (cv 'IR36') was digested with the restriction 
enzyme PstI. Digested DNA was size separated on a 10% -40% 
sucrose gradient and the 1-2  kb size fraction was selected for 
ligating into pUC8 plasmid (Maniatis et al. 1982). DH5-alpha 
bacterial cells were then transformed with ligated plasmid. Co- 
lonies of cells containing plasmids with rice inserts were selected 
based on X-gal and IPTG screening procedures. Individual co- 
lonies were isolated and plasmid mini-preps prepared according 
to Wilimzig (1985). Insert sizes were determined relative to 
HaelII-digested r X174 on 0.9% agarose gels. Random geno- 
mic clones were given consecutive numbers ( R G - # )  as they 
were prepared. The same numbers were then used to designate 
loci in the genome as detected by genetic mapping. Letter suf- 
fixes were added in cases where more than one genomic locus 
contained sequences homologous to a given clone. 

Clones of  known genes 

The ribosomal genes, r5s and r45s, were from wheat (Gerlach 
and Bedbrook 1979; Gerlach and Dyer 1980). The maize waxy 
gene was provided by Dr. Susan Wessler, University of Georgia. 

Table 1. Summary of polymorphism between sets of parental 
rice cultivars based on a survey of 12 clones from the PstI library 

Cultivars Race Origin Poly- 
morphic 
clones 

IR39352-178-3-1-3 Indica Philippines 5/12 
Kuang Lu Ai 4 Indica China (42%) 

5173 Indica Colombia 3/12 
Mahsuri Indica/javanica Malaysia (25%) 

derivative 

IR34583-19-3-3 Indica Philippines 7/12 
Bulu Dalam Javanica Indonesia (58%) 

Plant materials 

Selection of parental material for the mapping experiments was 
based on a preliminary survey for maximum restriction frag- 
ment length polymorphism using 12 single copy probes from the 
PstI library. Three different sets of parents (Table 1), for which 
F 2 seed was already available from the International Rice Re- 
search Institute (IRRI) in the Philippines, were assayed: (1) 
'IR39352-178-3-1-3' x 'Kuang Lu Ai-4' (both indica types); (2) 
'5173' (indica) x 'Mahsuri' (indica • derivative); (3) 
'IR34583-19-3-3' (indica) x 'Bulu Dalam' (a Bulu or javanica 
rice). 

A set of inbred primary trisomics in 'IR36' background 
(Khush et al. 1984), and a set of 10 different hybrid primary 
trisomics ('IR36' primary trisomics x ' M a  Hae' - a japonica 
cultivar) were used to assign linkage groups to chromosomes via 
dosage effects as described by Tanksley et al. (1987) and Young 
et al. (1987). Inbred and hybrid primary trisomics were grown at 
IRRI and lyophilized leaf tissue shipped to Cornell for DNA 
extraction and analysis. 

Restriction digests, electrophoresis, and Southern analysis 

DNA from each parental line and F z progeny was digested with 
the following 11 enzymes: EcoRI, EcoRV, DraI, TaqI, HaellI, 
Hinfl, HindllI, MspI, XbaI, (BRL), ScaI, and BstNI (NEBio- 
labs). Spermidine (4 mM) was added to digests to promote com- 
plete digestion. Electrophoresis of plant DNA (5-6  lag DNA 
per lane), Southern blotting, and hybridization were according 
to Bernatzky and Tanksley (1986 b). Whole plasmids, including 
rice inserts, were either nick translated or hexamer labeled with 
3zp-dCTP to high specific activities (1 -10  • l0 s cpm/Ixg) (Rigby 
et al. 1977; Feinberg and Vogelstein 1984), and used as probes 
on filters of rice DNA. 

Filters for trisomic analysis were prepared similarly to those 
for parents and F2's, with special care taken to calculate the 
concentrations of DNA for each triplo plant so that exactly 5 lag 
DraI-digested DNA would be aliquoted to each lane in the gel. 
Further, large digestions were prepared, and several filters made 
from each digestion batch to assure uniformity among filters. 

Filters were washed at 65 ~ for 10 min each at 2 • SSC, 1 • 
SSC, and 0.5 • SSC (all washes contained 0.1% SDS), and ex- 
posed to X-ray film with intensifier screens. In certain cases, 
after the films had been developed (usually 24 h), filters were 
washed again to higher stringencies, 0.05 • or 0.02 • SSC, 65 ~ 
and re-exposed in order to verify copy number and polymor- 
phism of clones. 

Linkage analysis 

Linkage analysis was performed on F z segregation data as de- 
scribed in Bernatzky and Tanksley (1986a). Recombination 
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values were calculated for pairs of markers which deviated from 
independent assortment (P< 0.05) using F 2 maximum likeli- 
hood algorithms published by Allard (1956). Three point link- 
age tests were used to confirm linear order in regions with 
several tightly linked markers. 

The entire set of markers was then processed through the 
MAPMAKER computer program (Lander et al. 1987) using 2 
point (LOD=4.0), 3 point (LOD=3.0), and multipoint 
(LOD = 3.0) analysis to confirm the order and recombination 
fractions for the markers. Markers showing segregation distor- 
tion (See Table 4) were initially separated and were not used to 
determine "framework" orders. The results generated by the 
MAPMAKER program strongly agreed with those derived 
without the benefit of multipoint analysis, but suggested rear- 
rangement of markers in a few locations, supported by odds of 
100:1 that the new orders were more likely. Distances between 
markers are presented in centimorgans derived using the 
Kosambi function (Kosambi 1944), and orders where the con- 
fidence level is below 99% are bracketed (Fig. 10). 

Isozyme survey 

The selected parental lines ('IR34583' and 'Bulu Dalam') were 
assayed for allozymie differences for different enzymes: acid 
phosphatase (ACP, E.C. 3.1.3.2), esterase (EST, E.C. 3.1.1.2), 
glutamate-oxaloacetate transaminase (GOT, E.C. 2.6.1.1), iso- 
citrate dehydrogenase (IDH, E.C.1.1.1.42), malate dehydro- 
genase (MDH, E.C.1.1.I.37), 6-phosphogluconate dehydro- 
genase (6-PGDH, E.C.1.1.1.49), phosphoglucoisomerase 
(PGI, E. C.5.3.1.9), phosphoglucomutase (PGM, E. C.2.7.5.t), 
peroxidase (POX, E.C.I.11.17), shikimate dehydrogenase 
(SKDH, E.C.1.1.1.25), and triosephosphate isomerase (TPI, 
E.C.5.3.1.1), which cumulatively represent approximately 30 
loci (Wu et al. 1987; Ranjhan et al. 1987; and unpublished re- 
sults from this laboratory). Electrophoresis and enzyme staining 
were according to Shaw and Prasad (1970) and Vallejos (1983). 

Polymorphism was detected for only PGI, where allelic dif- 
ferences were found for Pgi-1 (Pgi-A), Pgi-2 (Pgi-B) (Wu et al. 
1987; Second 1982) and Pgi-3, a nuclear-encoded enzyme appar- 
ently localized in the chloroplast fraction (unpublished data, this 
laboratory). Unfortunately it was not possible to monitor segre- 
gation of Pgi alleles in the F 2 population. 

Results 

Parental screening and selection 

Twelve single copy clones from the PstI library were 
hybridized to filters containing D N A  digested with eight 
restriction enzymes from the three sets of  parents de- 
scribed in Materials and methods. Results from this ex- 
periment indicated that maximum polymorphism, 58% 
(7/12 clones), occurred between the ' IR34583'  - 'Bulu 
Dalam'  parents (Table 1). The remaining two sets of  
parents showed R F L P  differences for 41% (5/12) and 
25% (3/12) clones, respectively. The 'IR34583'  - 'Bulu 
Dalam'  F 2 was thus selected as the mapping population. 

Library characterization 

Clone copy number. A total of  300 genomic clones were 
surveyed for copy number and polymorphism by probing 
them onto filters containing total D N A  from 'IR34583'  
and 'Bulu Dalam'  that had been digested with 11 differ- 

ent restriction enzymes. The first 210 clones surveyed 
were considered a sample population, and all statistical 
analyses presented in the following sections were per- 
formed on this subset of  clones. The clones were classi- 
fied into three categories based on relative copy numbers. 
Categories were defined as follows: (1) single copy se- 
quences (s.c.) where > 90% of  the signal in a lane was 
accounted for by one or two discrete bands (Fig. 1 a); (2) 
multiple copy sequences (m.c.) where 3 or more bands 
were present and no single band accounted for less than 
20% or more than 80% of  the signal (Fig. 1 c,d,f); and (3) 
repeated sequences where the signal in a lane appeared as 
a smear with no discrete bands, or if no single band 
within the smear accounted for more than 20% of the 
total signal in the lane (Fig. 1 e). After defining these 
categories with densitometric scans, most probes could 
be classified by eye based on autoradiograms. 

When filters were washed at medium stringency (1 x 
or 0.5 x SSC, 65 ~ 58% of  the clones were classified as 
single copy, 20% as multiple copy, and 22% as repeated 
(Fig. 2). At this stringency, it is estimated that the min- 
imum level of  sequence homology between duplexes/.is 
80% (Beltz et al. 1983). At  high stringency (0.05 • or 
0.02 x SSC), where 99% sequence homology is required 
for maintaining duplex formation, 85% of  the clones 
were classified as single copy, 12% multiple copy, and 
3% repeated sequences (Fig. 2). Henceforth, references 
to copy number will refer to medium stringency unless 
specified otherwise. 

Comparison of  rice PstI library with similar libraries in 
tomato and maize - evidence for lower levels o f  C-methyla- 
tion in rice. The library used in this study was constructed 
with the restriction enzyme PstI, a methylation-sensitive 
enzyme which recognizes the sequence 5 ' -CTGCAG-3'  
and is sensitive to cytosine methylation in the 5' location 
(Nelson and McClelland 1987). Clones represented in the 
library used in this study are likely to be from regions of  
the genome which are not methylated at this site. 

It has been observed in maize (Burr et al. 1988) and 
tomato (Tanksley et al. 1987) that such undermethylated 
areas are enriched for single copy sequences, possibly 
since they represent coding regions (Burr et al. 1988). It 
is of  interest then to compare the percentage single copy 
versus multiple copy or repeated sequence probes gener- 
ated by PstI libraries in these three species. Rice and 
tomato have similar size genomes (0.6 and 0.7 pg of  
DNA,  respectively) (Bennett and Smith 1976; Iyengar 
and Sen 1978; Galbraith et al. 1983), and both have a 
haploid complement of  12 chromosomes. In tomato, 
40% of  clones derived from libraries constructed from 
sheared DNA,  or from the C-methylation-insensitive en- 
zymes (e.g., EcoRI), are estimated to contain unique se- 
quences (Tanksley etal.  1987; Zamir and Tanksley 
1988). However, when clones are derived from a PstI 
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Fig. 1. a Autoradiogram derived from hybridizing a single copy clone, RG123, onto DNA from 'IR34583' (indica) and 'Bulu Dalam'  
(javanica). Indica and javanica DNA was digested in sets with different restriction enzymes, run out on an agarose gel, blotted and 
probed as described in Materials and methods. In each pair, left lane=indica, right lane=javanica. Left hand margin indicates 
molecular weight in kbp. For this probe, ScaI detected polymorphism and was subsequently used to map clone, b Autoradiogram from 
F 2 segregation probed with single copy done.  1/1 = indica homozygote, 2/2 =javanica homozygote, 1/2 = heterozygote, e Autoradio- 
gram derived from probing clone classified as multicopy (RG374). Composition of filter same as described in a. tl Autoradiogram 
derived from probing another clone also classified as multicopy (RG196). In this case, part  of the signal is present as an un- 
differentiated smear, e Autoradiogram derived from probing clone (RG343) classified as repetitive at moderate stringency (0.5 x SSC, 
65 ~ f Same as e only filter washed to high stringency (0.05 x SSC, 65 ~ At this stringency, discrete bands are revealed 



0.SX SSC ~ S.C. O.05X SSC 

Fig. 2. Pie chart showing classification of PstI genomic clones 
at moderate stringency (0.5 x SSC, 65~ and high stringency 
(0.05 • SSC, 65 ~ Statistics based on analysis of 210 clones 
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DNA remains high molecular weight when digested with 
PstI, while in rice, the DNA digested with PstI shows a 
distribution of fragment sizes that is intermediate be- 
tween that generated by PstI in tomato and by EcoRI in 
either rice or tomato (Fig. 3). Comparative digests with 
other C-methylation-sensitive enzymes, including Sail, 
ClaI, SmaI, XhoI, and HpalI, produced similar results 
(data not shown). In all cases, rice DNA was cut more 
effectively by these enzymes than was tomato DNA. 
These data suggest that C-methylation is less frequent in 
rice than in tomato, and that a significant fraction of the 
repeated DNA in rice is not methylated as in tomato and 
maize. 

Fig. 3. Gel comparing molecular weight distribution of restric- 
tion fragments when tomato and rice DNA are digested with 
PstI (C-methylation sensitive) and EcoRI (methylation insensi- 
tive), pUC8 plasmid (uncut-lane 2) was added to reactions as a 
control for complete digestion. Note that most of the tomato 
DNA remains high molecular weight when cut with PstI 
(lane 4), but is cleaved to smaller fragments when digested with 
EcoRI (lane 7). In contrast, rice DNA is cleaved to smaller 
fragments with both PstI (lane 5) and EcoRI (lane 8) 

library of similar size to those isolated from rice,the sin- 
gle copy fraction rises to 92% (Tanksley et al. 1987). In 
maize, a significant increase in the proportion of single 
copy clones has also been observed when clones are 
derived from PstI libraries (Burr et al. 1988). 

Results of the survey with PstI-generated genomic 
clones in rice estimate the single copy fraction of the 
library to be about 58%, significantly less than expected 
based on the tomato and maize results, suggesting that a 
PstI library in rice is less biased toward single copy se- 
quences than tomato or maize. To test this possibility, 
tomato and rice DNA were subjected to comparative 
digests with PstI, as well as with the methylation- 
insensitive enzyme, EcoRI. In tomato, the majority of the 

Restriction fragment length polymorphism 

Variation between rice cultivars. Despite a low frequency 
of isozyme polymorphism between the parents used for 
mapping, 'IR3458Y and 'Bulu Dalam' (only PGI was 
polymorphic - see Materials and methods), 164 of the 
210 genomic clones surveyed (78%) revealed allelic dif- 
ferences with at least 1 of the 11 restriction enzymes. This 
percentage is less than that found among most unrelated 
maize inbreds (Helentjaris et al. 1985; Murray et al. per- 
sonal communication), but is significantly higher than 
that found in tomato (J. C. Miller and S. D. Tanksley, 
personal communication). 

Variation within inbred parental lines. Occasional discrep- 
ancies in RFLP patterns between parental survey filters 
and F z filters pointed to the possibility of variation 
existing within the parental populations. The purity of 
the parental populations was tested by probing filters 
containing digested DNA from 12 individual plants of 
each parental line selected at random, with probes sus- 
pected of being polymorphic within the parental lines. 
Parental lines are expected to be pure lines in an inbred 
crop such as rice where outcrossing is estimated to occur 
naturally approximately 0.5% of the time (Poehlman 
1979). However, cross-pollination events are possible, 
and if crossing occurred between individuals differing in 
genotype, some degree of heterozygosity would result, 
accompanied by continued genotypic segregation in sub- 
sequent generations. Polymorphism could also be the 
result of mixtures of pure line seed in one or both pa- 
rental cultivars, in which case the 12 individuals tested 
per cultivar would show no heterozygous loci, but differ- 
ent alleles in the homozygous state would be present in 
varying proportions. 

Of the four probes used to test for polymorphism 
within parental cultivars, three detected variation only 
within the javanica cultivar, while one detected polymor- 
phism only within the indica cultivar. Single copy probes 
RG-140 (chromosome no. 1) and RG-149 (not mapped) 
produced banding patterns supportive of the hypothesis 
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Fig. 4. Autoradiogram derived from probing HindlII-digested 
DNA from 12 individuals of'Bulu Dalam' (javanica parent, left) 
and 12 individuals of 'IR34583' (indica parent, right). Filter was 
probed with RGI40, a clone suspected of detecting variation 
within the parental populations. Arrows point to individuals 
homozygous for variant allele in javanica variety 

that the javanica parent is a mixed line. The same three 
individuals had variant alleles in the homozygous state 
for both probes (Fig. 4). These data suggest that the 
'Bulu Dalam' cultivar used in this cross was not a pure 
line. Probe RG-152 uncovered heterozygosity within the 
cultivar in a single individual that showed the normal 
banding pattern for RG-140 and RG-149. 

RG-229, a multiple copy clone, was the fourth probe 
used to test for polymorphism within parental popula- 
tions. In this case, polymorphism was evident within the 
indica cultivar; one fragment was present in all 12 plants, 
while a second fragment was present in only 5 plants. The 
banding pattern in the javanica was the same for all 12 
individuals (each plant uniformly contained two hybri- 

dizing fragments). This clone is of interest in that unusual 
banding patterns were observed among individuals in the 
F 2 population as well (see following sections). 

Differences among probes in detecting polymorphism. The 
percentage of clones detecting polymorphisms between 
the parents was similar for single copy (s.c.) and multiple 
copy clones (m.c.) (81% and 80%, respectively). This was 
surprising since a clone hybridizing to multiple fragments 
assays a larger number of restriction sites and thus a 
greater number of base pairs. A feature of the m.c. clones 
in this library was that two very different patterns of 
hybridization were evident. Eighty-five percent of the 
time, the hybridization pattern included a clear signal for 
only one or two major hybridizing fragments, while the 
array of bands with less signal lacked resolution, often 
appearing as a smear, and could not be scored (Fig. 1 d). 
Therefore, a comparison of the percentage of clones 
detecting polymorphism in the s.c. and m.c. clases may 
be biased to the extent that the full complement of m.c. 
bands often was not clearly distinguishable. 

The clones containing repeated sequences uncovered 
detectable variability between the parents 64% of the 
time. Polymorphism was evident when filters were 
washed at high stringency. The degree of polymorphism 
in the repeat class was significantly less than that for 
single or multiple copy clones (P = .05, based on a one- 
way ANOVA). However, comparisons of repeated versus 
single and multiple copy sequences are strongly biased by 
the fact that repeat sequence hybridization produce dark 
smears, often with no discrete bands visible even at high 
stringency washes, thus obscuring the possible presence 
of RFLPs. 

Differences among restriction endonucleases in detecting 
RFLPs. When DNA was cut with different enzymes, 
significant differences were observed in the proportion of 
clones hybridizing to polymorphic restriction fragments 
(P<0.01, based on Chi-square analysis of a two-way 
contingency table). Enzymes that have a 6 bp recognition 
site uncovered the most variability, while those that rec- 
ognized 4 bp sequences uncovered the least (Table 2). 

The average size of restriction fragments hybridizing 
to clones was also significantly greater for enzymes rec- 
ognizing a 6 bp sequence (7.24 kb) than for those recog- 
nizing a 4 bp sequence (1.33 kb) (P < 0.01, as determined 
by a one-way ANOVA). Restriction fragments generated 
by BstNI, a 5 bp site, were slightly larger (2.1 kb) than 
those generated by the 4-cutter group (Table 2). 

If  all nucleotides occur independently and in equal 
frequency, a given 6 bp recognition sequence will occur 
every 4,096 bp within a genome, and 4 bp sites, every 
256 bp. Therefore, the 6 bp enzymes were expected to 
cleave less often, generating larger fragments than 4 bp 
enzymes. This was confirmed by looking at stained gels 
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Table 2. Average size of restriction fragments hybridizing to 
genomic clones and % probes detecting polymorphism between 
indica and javanica parents ('IR34583' and 'Bulu Dalam') for 11 
restriction enzymes 

Enzyme Recogni- Expected Average MW % 
tion MW of hybri- of hybridizing Probes 
sequence dizing re- restriction poly- 

striction frag- fragment morphic 
merit 

EcoRV 
XbaI 
EcoRI 
HindIII 
ScaI 
Dral 
BstNI 
MspI 
HaelII 
TaqI 
H infl 

GATATC 4.10 9.87 39.4 
TCTAGA 4.10 9.24 40.3 
GAATTC 4.10 7.82 36.4 
AAGCTT 4.10 7.06 30.7 
AGTACT 4.10 5.70 29.8 
TTTAAA 4.10 3.75 30.7 
CCAGC 1.02 2.10 26.2 
CCGG 0.26 2.00 22.7 
GGCC 0.26 1.20 20.5 
TCGA 0.26 1.10 21.7 
GANTC 0.26 1.00 15.6 

42 
% 
40 

38 s 

"~ 36 

~ 34 

~_ 32 

30 

28 

y = 1.807x +21.473, R-squared: 0.755 
i i , i , i . i , 

O 

, . , . , . . , . . 

/. 5 6 7 8 9 10 
RF Length (kbp) 

Fig. 5. Plot derived from regressing % polymorphic probes on 
average length of hybridizing restriction fragment. Each point 
represents the value for each of the 6 bp recognition enzymes 

of digested rice DNA and by calculating molecular 
weights of hybridizing fragments on autoradiograms. 
However, fragments hybridizing to probes were consid- 
erably larger than expected. This result may be due in 
part to a GC content different than 50% or to our inabil- 
ity to detect very small hybridizing fragments ( < 200 bp) 
on the Southerns. The average size of  hybridizing restric- 
tion fragments for all enzymes was highly variable and, 
on average, twice the expected value (Table 2). Surpris- 
ingly, there were also significant differences in the aver- 
age length of hybridizing restriction fragments among 
the 6 bp recognition enzymes (P < 0.01) even though the 
recognition sequences of all but one of the 6 bp enzymes 
contained permutations of the bases AATTGC. DraI, 
which has no GC in its recognition site, produced the 
shortest average hybridizing fragments, 3,750 bp. 

Correlation between fragment length and polymorphism - 
evidence for insertions/deletions 

If  RFLPs are generated largely by base substitutions, as 
opposed to insertions/deletions, one would predict no cor- 
relation between the amount of polymorphism detected 
by an enzyme and the average size of restriction frag- 
ments generated by that enzyme. This prediction is only 
valid for enzymes recognizing the same number of base 
pairs. The fact that there were significant differences in 
the average size of restriction fragments for the 6 bp 
enzymes in rice provided a test of this hypothesis. When 
the degree of polymorphism detected by 6 bp enzymes 
was regressed on average length of hybridizing restriction 
fragments, the regression was found to be highly signifi- 
cant (supporting the hypothesis that RFLPs in rice are 
caused by insertions/deletions) (Fig. 5). 

Another way of testing this hypothesis is to ask 
whether the probability that a given enzyme detects poly- 
morphism with a given probe is a function of the number 
of other enzymes that detected polymorphism with that 
same probe. If  RFLPs are the result of base substitution, 
there should be no relationship between these two vari- 
ables. This assertion is valid only if restriction sites for 
different enzymes along a piece of genomic DNA are 
independent and do not overlap. Based on the unique- 
ness of the recognition sites for the enzymes used in this 
study (Table 2), this assumption is likely to be correct." 
However, if an insertion or deletion is the cause of an 
RFLP, then RFLPs should be generated by any enzyme 
whose restriction sites encompass the insertion/deletion 
and the probability of different enzymes detecting poly- 
morphism with a given probe would not be independent 
(Fig. 6). For each of the 6 bp recognition enzymes, proba- 
bility of polymorphism was regressed on the number of 
other restriction enzymes detecting polymorphisms for 
all of the probes analyzed. The regression coefficient was 
positive and significant in every case (R 2 >0.66), sup- 
porting the insertion/deletion hypothesis. The resulting 
regression plot for EcoRV is shown in Fig. 7. 

CpG site variability. It has been reported that in mamma- 
lian and prokaryotic systems, high mutation rates are 
associated with CpG dimers (Barker et al. 1984). This 
possibility was investigated in rice by comparing the 
degree of polymorphism detected by 4 bp recognition 
enzymes containing a CpG dimer in their recognition 
sequences (MspI, TaqI) to polymorphism detected by 
other 4 bp enzymes without the CpG in the cutting site 
(HaelII, Hinfl). Results in rice, like those in lettuce (Lan- 
dry et al. 1987), suggest that CpG dimers are not hot- 
spots for mutation in these plants since enzymes contain- 
ing the dimer do not detect significantly higher frequen- 
cies of polymorphism than other enzymes. 
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Fig. 6. Schematic depicting the expected restriction fragments 
generated by different restriction enzymes if polymorphism is 
due to base substitution versus sequence insertion. Note, with 
base substitution, the restriction pattern is affected for only one 
restriction enzyme whereas insertion is likely to affect more than 
one enzyme. Also note the enzymes which cut out larger frag- 
ments are more likely to include the insertion if it flanks the 
cloned region 
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Fig. 7. Plot derived from regressing probability of polymor- 
phism (between parental lines) detected by EcoRV on the num- 
ber of other enzymes detecting polymorphism with each probe. 
Positive correlation would be expected if RFLPs are due to 
insertions/deletions. Similar results were obtained when similar 
plots were made for other 6 bp recognition enzymes (not shown) 
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Fig. 8a and b. Autoradiograms from clones revealing null al-' 
leles in javanica parent. Each pair of lanes (i.e. 1-2, 3-4, etc) 
represents digestion with a different restriction enzyme. Left 
lane in each set =javanica DNA, right lane=indica DNA. Left 
hand margin indicates molecular weight in kbp: a probed with 
RG358; b probed with RG333 

Clones uncovering unusual polymorphisms 

RG333 and RG358 - clones with null alleles. Two single 
copy clones, RG333 and RG358, were found to hybridize 
readily to D N A  from the indica parent,  but  very faintly 
to D N A  from the javanica  parent  (Fig. 8). Segregation in 
the F2 was consistent with single locus inheritance (3:1, 
presence versus absence), and their corresponding loci 
could be mapped  to the indica genome, chromosomes 8 
and 9, respectively. A possible explanat ion of  why these 
two clones hybridized only with indica D N A  is that  the 
clones were derived from an indica (or ' IR36 ' )  l ibrary,  
and that there have been major  sequence rearrange- 
ment(s) in the corresponding regions of  the javanica  pa- 
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D 4.7 
C 4.0 

~ B  3.6 
~ A  3.2 

Fig. 9. F 2 segregation (from DraI digest) for RG229. Arrows point to individuals that inherited none of the major hybridizing 
fragments from either parent. Null genotypes would be possible only if fragments (a-d)  are not allelic. Fragments a, b come from 
javanica parent; fragments d, c from indica parent 

Table 3. Presence/absence ratios of independently segregating 
alleles of RG229 fragments in F 2 population 

Fragment Present Absent Z2 (3:1) 

229A 32 t0 0.03 
229B 27 15 2.57 
229C 8 34 72.12 * 
229D 31 11 0.03 

�9 Significant deviation at P < 0.01 

rent relative to the indica parent such that the homolo- 
gous counterparts to RG333 and RG358 no longer exist 
or perhaps never existed in the javanica genome. 

RG229 - a clone with properties reminiscent o f  a trans- 

poson. The segregation of RG229 was unique. This clone 
hybridized to two principal restriction fragments in DNA 
from each parent, and both fragments showed a high 
degree of polymorphism (9 out of 11 enzymes) on survey 
fdms. By employing high stringency washes of 0.05 x SSC 
(indicative of > 99% sequence homology), it was deter- 
mined that the genomic sequences homologous to 
RG229 are highly conserved within and between the two 
genomes. However, neither of the homologous restric- 
tion fragments present in the two parents cosegregated, 
indicating that they do not reside at the same locus. In 
addition, the segregation patterns indicate that none of 
the fragments from the indica parent are allelic to any of 
the fragments from the javanica parent (Fig. 9). This 

point is exemplified by the presence of three F 2 individu- 
als which have no fragments homologous to RG229 
(Fig. 9). Such genotypes would not be expected if any of 
the fragments were allelic. 

By testing segregation of each RG229 fragment 
against all other fragments, it was determined that all 
hybridizing fragments were segregating independently 
(Table 3). Three of the four fragments, two from 'Bulu 
Dalam' (A, B) and one from 'IR34583' (D) also segre- 
gated in a 3:1 ratio (presence versus absence Table 3), 
indicative of discrete, independent genetic loci. Finally, 
three of the fragments (A, B, D) mapped to different 
chromosomes (9, 1, 5), ruling out the possibility of al- 
lelism (Fig. 10, see next section for details of mapping). 
The C fragment (from indica) did not segregate 3:1, nor 
were we able to map it to any of the established linkage 
groups. A survey of plants from the indica parent popu- 
lation provided an explanation for the aberrant segre- 
gation and probably the failure to map this fragment. 
The indica parent line was found to be polymorphic for 
presence/absence of the C fragment (data not shown) 
which likely led to a polymorphic F 1 population from 
which F 2 plants were derived. As a result, only a small 
fraction of the F 2 plants (19%) inherited the band, and 
thus the segregation ratio deviated significantly from the 
expected 3:1. 

It has not escaped our attention that RG229 has some 
features indicative of transposition. All of the genomic 
copies are highly conserved suggesting that they all 
derived from a common ancestral sequence relatively re- 
cently (or were homogenized by gene conversion), yet 
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Table 4. Segregation ratios for loci deviating from expected 
monogenic ratio (1:2:1). jav/jav =homozygous for javanica al- 
leles, ind/ind =homozygous for indica alleles, jav/ind= hetero- 
zygous 

Locus Chromo- jay/ jay/ ind/ Z2(1:2:1) p 
some jav ind ind 

RG400 1 11 30 4 7.178 0.028 
RG349 1 14 28 3 8.067 0.018 

RG25 2 10 14 21 11.800 0.003 
RGI52 2 4 11 29 39.409 0.000 

Waxy 3 4 20 21 13.400 0.001 
RG213 3 2 22 18 12.286 0.002 
RG138 3 7 17 21 11.400 0.003 
RG64 3 5 20 19 9.273 0.010 
RG264 3 5 18 21 l 3.091 0.001 
RG123 3 4 21 20 11.578 0.003 

RG127 4 6 21 19 7.696 0.021 
RG166 4 5 17 22 15.409 0.000 
RG39! 4 5 16 23 18.000 0.000 
RG227 4 6 17 19 9.571 0.008 
RG69 4 2 20 18 12.800 0.002 
RG393 4 2 21 20 15.093 0.001 
RG96 4 3 25 17 9.267 0.010 
RG369 4 3 27 13 7.465 0.024 
RG! 79 4 1 22 17 13.200 0.001 

RG98 6 3 24 9 6.000 0.050 

RG4 7 13 20 3 6.000 0.050 

RG134 10 3 28 12 7.698 0.021 

RG21! 11 7 17 22 12.913 0.002 

RG329 12 9 16 20 9.133 0.010 
RGI22 12 5 21 17 6.721 0.035 

copies of  this element in two different genomes (indica 
and javanica) reside in different chromosomal  positions. 
This result might be explained if RG229 had transposed 
in one or both genomes since the javanica and indica 
diverged from their last common ancestor. There is no 
evidence, however, that RG229 has been mobilized in the 
cross used for this mapping project since no new hybri- 
dizing restriction fragments were detected in the progeny 
- a result that would be expected if transposition had led 
to insertion into new genomic sites. The chromosomal 
distribution, nucleotide sequence, and phylogeny of  
RG229 is currently being investigated. 

Linkage map construction 

Selecting clones f o r  mapping. Clones classified as single 
copy at high stringency, and for which an R F L P  variant 

Fig. 10. Molecular map of rice. Numbers at top indicate chro- 
mosomes. Asterisks indicate chromosomal location verified by 
trisomic dosage analysis. Orders where the confidence level is 
below 99% are bracketed 
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Fig. 11. Autoradiogram showing dosage effect in hybrid pri- 
mary trisomics. Clone (RG182) is located on chromosome 5 as 
indicated by the increased signal for the indica fragments (ar- 
rows) in DNA from the triplo 5 plants (T5). DNA was digested 
with HindlII 

could be detected, were mapped. Enzyme(s) detecting 
variation between the two parents were used for diges- 
tion of  progeny DNA.  Resulting F z filters were probed 
with the corresponding clone, and autoradiograms 
scored for segregating genotypes (Fig. l b). Linkage 
among segregating markers was determined as described 
in Materials and methods. 

Assignment o f  linkage groups to chromosomes. Once link- 
age groups had been tentatively identified, based on F 2 
segregation analysis of  R F L P  markers, dosage analysis 
o f  trisomic D N A  was performed to assign groups to their 
respective chromosomes. Both inbred ( ' IR36')  and hy- 
brid primary trisomics were used in this effort. All 12 
inbred trisomics were available, but because of  poor  
growth, only limited amounts of  tissue could be obtained 
from several of  these stocks. Hybrid trisomics were more 
vigorous and could be propagated more easily than the 
inbred trisomics, and therefore tissue was available in 
greater quantity. Ten different hybrid trisomics (missing 
Triplo 1 and 4) were used. Many clones were tested by 
both inbred and hybrid trisomics, and in all cases these 
results agreed with respect to chromosomal assignment. 

Dosage comparisons were made within lanes by com- 
paring the relative intensity of  bands derived from hybri- 
dization with clones known to reside on different linkage 
groups. This was accomplished by either probing the 
same filter with several labeled probes or by re-probing 
the same filter and overlaying autoradiograms. Hybrid 
trisomics automatically provided convenient internal 
dosage controls where allelic differences between the in- 
dica and javanica parents were apparent. In the positive 
hybrids, the additional dosage showed in the fragment 
corresponding to the indica allele (Fig. 11). 

Skewed segregation in favor o f  indica alleles. Twenty-five 
of  the loci analyzed in the F 2 deviated significantly from 
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the expected monogenic ratio (Table 4). These loci map 
to nine discrete chromosomal segments, eight of which 
skewed in favor of indica alleles, while the other segment 
(chromosome 1) skewed in favor ofjavanica alleles (Ta- 
ble 4). When analyzed individually, the remaining loci did 
not deviate from the expected ratio (data not shown). 
However, when genotypic frequencies were summed over 
these remaining loci, a highly significant deviation was 
observed in favor of indica homozygotes (34% indica 
homozygotes, 45% heterozygotes, 21% javanica homo- 
zygotes: Chi-square = 59.48, P < 0.01). The overall favor- 
ing of indica alleles was also reflected in the F 2 allele 
frequency (54% indica alleles: 46% javanica alleles: Chi- 
square (1:1) = 80.50, P < 0.01). 

Comparison on classical and RFLP linkage maps 

The rice molecular map, derived from segregation data 
and trisomic analysis, is presented in Fig. 10. The 135 
markers are distributed throughout the 12 chromosomes, 
defining a total of 1,389 centimorgans. The total map 
units covered by the RFLP map is greater by approxi- 
mately 20% and 50%, respectively, than the classical 
linkage maps (both RFLP and classical maps compared 
on basis of recombination fraction) published by Kinos- 
hita (1986) and Khush and Singh (1986), though the 
number of markers on all three maps is similar (119 for 
Kinoshita and 120 for Khush and Singh). 

The distribution of the RFLP markers on the molecu- 
lar map was compared with that of the morphological 
markers on the classical linkage map in terms of the 
numbers of markers per chromosome and the spacing of 
markers within chromosomes. There was a significant 
positive regression coefficient (y =0.263x + 2.493, 
R 2 = .67) when the number of RFLP markers per chro- 
mosome was regressed on the length of chromosome as 
measured at the pachytene stage of meiosis (Shastry et al. 
1960). In contrast, the regression of markers on the clas- 
sical maps against chromosome length was not signifi- 
cant. 

A Chi-square analysis was used to determine whether 
the number of RFLP or morphological markers on each 
chromosome differed from the expected, based on rela- 
tive chromosomal lengths. Markers per chromosome on 
both morphological linkage maps differed from the ex- 
pected (P < 0.05), while those on the RFLP map did not. 

The mean map distance between markers, measured 
in recombination fractions, was not different among 
chromosomes for any of the three maps, based on a 
one-way ANOVA, suggesting that there is no 
chromosome-specific pattern of distribution. However, 
when the mean genetic distance per chromosome was 
regressed on number of markers per chromosome, a sig- 
nificant negative regression coefficient resulted from the 
RFLP map (y=0.857x+23.394, R 2 =0.656). In order to 

make sure that this relationship was not confounded by 
the occurrence of unlinked segments in some chromo- 
somes, the number of gaps per chromosome was checked 
for correlation with the number of markers per chromo- 
some, and found not to be significant. These data suggest 
that markers on well-populated chromosomes tend to 
occur more tightly clustered than do markers on less 
populated chromosomes. 

Discussion 

DNA methylation 

A comparison of cutting efficiencies of C-methylation- 
sensitive and insensitive restriction enzymes on rice and 
tomato DNA indicated that rice DNA is less methylated 
than that of tomato. Yet these two species have approxi- 
mately the same C value. In tomato, most of the repeti- 
tive sequences are hypermethylated, whereas single copy 
sequences are undermethylated. This does not appear to 
be the case with rice where a significant fraction of re- 
peated sequences was found in a library constructed with 
the C-methylation sensitive enzyme PstI. 

The role of DNA methylation in eucaryotes, and 
especially plants, is poorly understood. There is evidence 
that methylation plays a role in gene regulation, yet this 
cannot be a universal function as some eucaryotes, like 
Drosophila, have little or no methylated DNA (Doerfler 
1983). The finding that two plant species (rice and to- 
mato), of similar genome size and composition, vary so 
dramatically in level and disposition of methylation is a 
poignant reminder that we still have much to learn about 
the role of DNA methylation. 

Genome organization 

The view of genome organization that emerges from this 
study suggests that there are three classes of sequences 
based on copy number. Approximately 58% of the se- 
quences surveyed in this study were single copy se- 
quences, 20% multiple copy, and 22% repeated se- 
quences. Previous studies using renaturation kinetics 
suggest that the rice genome is comprised of three frac- 
tions, 48% slowly reassociating or single copy, 25% in- 
termediately reassociating, and 27% rapidly reassociat- 
ing or repeated sequences (Deshpande and Ranjekar 
1980). 

The rice genome appears to be comprised of a rela- 
tively large proportion of single copy sequences which is 
in sharp contrast to other grasses (rye, wheat, or maize) 
which have large genomes and a higher proportion of 
repeated DNA (Flavell 1980). This observation is in 
keeping with the hypothesis that total genome size is 
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positively correlated with the size of the repeat fraction of 
DNA (Flavell 1980). The relatively small genome size 
and relatively large fraction of single copy DNA in rice 
makes it currently the best prospect among monocots for 
experiments involving "chromosome walking" - a tech- 
nique now in use in other eucaryotic organisms for isolat- 
ing genes of unknown gene product via genetic linkage to 
cloned RFLP probes (Orkin 1986). 

Transposon activity may be a major source 
of  RFLPs in rice 

Restriction fragment length polymorphism can be caused 
by either base substitution or insertions/deletions. The 
latter may be the result of transposon activity which has 
been implicated as a major source of DNA variation in 
maize (Schwarz-Sommer et al. 1985). In rice, restriction 
enzymes which generate larger restriction fragments also 
tend to uncover more RFLPs (see Results section for 
details). Moreover, when one enzyme uncovers an 
RFLP, the probability that another enzyme will uncover 
an RFLP in the same clone, is significantly increased. 
The only plausible explanation for these observations is 
that a significant portion of RFLPs in rice is the result of  
insertions/deletions. 

Another piece of evidence supporting an insertion/ 
deletion hypothesis is the existence of two clones (RG333 
and RG358) that hybridize strongly to DNA from the 
indica parent and very faintly to the javanica parent, but 
which segregate in the F 2 in a manner consistent with 
single locus inheritance. These probes most likely repre- 
sent specific sequences in the indica genome that were 
either deleted from the javanica genome or inserted in the 
indica genome since these two lines diverged from their 
last common ancestor. Similar null alleles have been re- 
ported in lettuce (Landry et al. 1987) and in the nema- 
tode, Caenorhabditus (Herman and Shaw 1987). 

Finally, we present evidence for sequence transposi- 
tion in rice. One of the cloned sequences used for mapp- 
ing, RG229, was found in two copies in both the indica 
and javanica parental genomes. However, genetic analy- 
sis indicated that each of the copies occupies a unique 
chromosomal position (i.e., none of the fragments are 
allelic). This result can most readily be explained by 
transposition of this sequence in either the indica or java- 
nica genomes (or both) since their divergence from their 
last common ancestor. 

Transposons have not been directly demonstrated in 
rice the way they have been in maize. However, there is 
recent evidence for high levels of gene inactivation and 
reversion as the result of interspecific hybridization in 
rice (G. S. Khush, personal communication). This phe- 
nomenon has many similarities to hybrid dysgenesis in 
Drosophila which is believed to result from transposon 
activation and provides additional circumstantial evi- 

dence that the rice genome may be host to one or more 
potentially active transposon families. 

Molecular map of  rice 

The construction of a molecular linkage map in rice 
based on RFLPs offers new opportunities for applica- 
tions in genetics and breeding. Genes governing agrono- 
mically important traits can be mapped based on linkage 
with RFLP markers, and segregating populations 
screened in the seedling stage for presence or absence of 
the chromosomal segments bearing the genes of interest. 
For traits that are difficult or time-consuming to score 
using conventional means, RFLP analysis, though ex- 
pensive at this time, offers a hopeful alternative. A 
mapped array of DNA markers also offers the possibility 
of dissecting quantitatively inherited traits into their 
component genetic loci, pinpointing specific alleles that 
interact to give heterosis, as well as fingerprinting variet- 
ies, tracing the introgression of genes from wide crosses, 
and initiating a chromosome walk aimed at identifying 
and ultimately cloning a gene of interest. 

The availability of such a map and of the vast array 
of germplasm preserved by rice workers around the 
world, in conjunction with current advances in transfor- 
mation and regeneration systems in rice, promise to 
make this plant an attractive organism for genetic and 
evolutionary studies at the molecular level. The implica- 
tions of productive interaction of basic and applied re- 
search in rice are particularly noteworthy for a crop 
which serves as a dietary staple for more than half of the 
world's population. 

The RFLP mapping project is continuing with the 
goal of a more fully saturated map, aimed especially at 
adding markers to poorly represented chromosomes and 
closing the gaps that occur due to a paucity of markers 
in certain regions of chromosomes. The physical location 
of markers on the chromosomes and the relationship 
between the genetically defined distance and actual phys- 
ical distance separating markers is being pursued 
through in situ hybridization techniques. 

A second map is also in the early phases of prepara- 
tion, based on a population of doubled haploids derived 
from another culture. This new map will be more versa- 
tile because the mapping population, like a recombinant 
inbred population, can be propagated eternally in many 
different environments, facilitating additions of markers 
and studies of traits with low heritability by many 
workers simultaneously. 
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