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Summary. Thirty mapped Indica rice genomic (RG)
clones were partially sequenced from each end. From
such sequence data, pairs of oligonucleotides were syn-
thesized to act as primers for polymerase chain reaction
(PCR) ampilification of the corresponding loci in crude
total DNA preparations. The PCR products from DNA
of Indica varieties were of the sizes expected from the
sizes of the corresponding RG clones. However, size
polymorphisms were seen between PCR products from
Indica and Japonica varieties, and among wild Oryza
species. Restriction fragment length polymorphism
(RFLP) was observed between PCR products of Indica
varieties simply by electrophoretic analysis of restricted
products, without the need for Southern hybridization or
radiolabelling. The RFLPs noted between varieties
ARC6650 and Phalguna were inherited in recombinant
inbred lines derived from a cross between them. The
RFLPs were detectable in PCR products amplified from
DNA extracted by a simple procedure from single
seedlings or leaves, and revealed genetic heterogeneity in
cultivated lines. An approach is described that is relevant
to the acceleration of classical plant breeding through
molecular techniques.
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Introduction

Linkage maps of plant genomes have traditionally been
established using biochemical, morphological, and be-
havioral markers. To these have been added isozyme and
DNA markers. The last are particularly powerful, be-
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cause they have increased the speed and convenience of
mapping and promise the production of saturation maps,
where the density of markers is so high that any gene of
interest is highly likely to cosegregate with flanking DNA
markers (Bernatzky and Tanksley 1986). The key tech-
nique in the construction of such maps and in the map-
ping of genes relative to the DNA markers is restriction
fragment length polymorphism (RFLP) analysis (Bot-
stein et al. 1980; Burr et al. 1988). This has been used to
map both major genes and quantitative trait loci (Pater-
son et al. 1988; Martin et al. 1989; Tanksley et al. 1989).
RFLP analysis detects some of the naturally occurring
DNA sequence variations between plants and uses them
as genetic markers, which can be followed during pro-
geny analysis in the same way as conventional markers.
Southern hybridization of total genomic DNA digested
by restriction enzymes (restricted DNA) with a labelled
cloned probe reports on DNA sequence variation in and
around the locus corresponding to the clone. A shift in
the size of a restriction fragment hybridizing to the probe
is indicative of a sequence change such as inversion, in-
sertion or deletion, loss or creation of a restriction en-
zyme site in the region of interest, or in vivo chemical
modification of the DNA (Botstein et al. 1980; Chomet
et al. 1987).

In spite of its power, RFLP analysis by Southern
hybridization poses problems for routine applications in
plant breeding. It requires large quantities of high-quali-
ty DNA for the detection of single-copy loci, necessitates
many manipulations, and detects only a fraction of the
existing sequence variability. The advent of the poly-
merase chain reaction (PCR) provides an additional ap-
proach to RFLP analysis which will help to solve these
problems. Using short oligonucleotide primers and ther-
mostable DNA polymerase, PCR allows the amplifica-
tion of specific regions of DNA from complex sequence
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mixtures such as genomic DNA (Saiki et al. 1988). Very
small samples of DNA can be amplified (including DNA
from crude or degraded tissue extracts or individual cells)
(Paabo et al. 1988; Li et al. 1990) and the procedure is
largely automated. The amplified segments can be com-
pared by RFLP analysis directly on stained agarose gels
without recourse to Southern hybridization, and if re-
striction fails to detect a polymorphism between the PCR
products amplified from different genotypes, the prod-
ucts can themselves be directly sequenced to reveal all
sequence variations between them (Shyamala and Ames
1989). However, unlike Southern hybridization, PCR re-
quires at least a small amount of sequence data on the
locti of interest to permit synthesis of appropriate primers
(approximately 20 bases long). Here we report partial

sequence data for 30 of the RG series of DNA markers -

mapped onto the rice genome by McCouch et al. (1988).
We demonstrate the application of such data to the PCR
amplification of the corresponding loci from DNA ex-
tracted from Oryza species, as well as the ability of PCR
to detect novel RFLPs and follow their inheritance, even
in single seedlings.

Materials and methods
Plant material

The Directorate of Rice Research (DRR), Hyderabad, India,
supplied seeds of two Indica varieties of rice (elite variety Phal-
guna and ARC6650, a landrace from Assam, India) (Prasada
Rao and Kalode 1987), together with seeds of 47 recombinant
inbred lines (F;—F¢) derived from a cross between these
parental lines. Other Indica varieties were from DRR, and vari-
ety Leah was obtained from M.C. Rush, Louisana State Univer-
sity, USA. The International Rice Research Institute, Los
Banos, The Philippines, supplied seeds of the Japonica variety
Nipponbare and of the species O. longistaminata (accession
no. 101378) and O. officinalis (accession no. 101150), O. punctata
(accession no. 101409) and O. rufipogon (accession no. 103307).

Plasmids

The RG series of plasmids described by McCouch et al. (1988)
were supplied by S. D. Tanksley, Cornell University, Ithaca/
NY). These pUCY-based plasmids (previously reported to be in
pUCS) were grown in Escherichia coli DHS5x and extracted by
the alkaline lysis procedure (Maniatis et al. 1982).

Restriction endonucleases

Enzymes were obtained from New England Biolabs (USA) or
Boehringer Mannheim (Germany) and were used under condi-
tions recommended by the manufacturers.

Rice DNA

Total DNA was extracted from 14-day-old rice seedlings by the
method of Walbot (1988) with RNase treatment and phenol
extraction, except for single seedlings or leaves.

Plasmid sequencing

The inserts of selected RG plasmids were partially sequenced on
one strand by the dideoxy chain termination method of Sanger

et al. (1977) using double-stranded plasmid DNA, Mn ™ * buffer
modification (Tabor and Richardson 1989) of the U.S. Biochem-
icals (USA) Sequenase kit, and o->°S dATP. The pUC homo-
logous forward (SCGCCAAGGTTTTCCCAGTCACGAC-3")
and reverse (5-AGCGGATAACAATTTCACACAGGA-3') se-
quencing primers were synthesized by W. Crockett, Brookhaven
National Laboratory, Upton/NY.

PCR primers

Primers for PCR amplification of segments of rice genomic
DNA corresponding to RG clones were synthesized on an Ap-
plied Biosystems 380 B DNA synthesizer, deprotected with am-
monia, and precipitated with ethanol. The primers consisted of
20-bases sequences (20-mers) selected from the terminal se-
quencing data of RG clones to have a GC content of about 50%,
with fewer than four contiguous identical bases.

PCR amplification of rice genomic DNA

PCR reactions contained 50 mM KCl, 10 mM TRIS-HCI (pH
8.2), 1.5 mM MgCl,, 0.001% gelatin, 200 mM each of 4 dNTPs,
500 nM of each primer, 100—-1,000 ng of genomic DNA, and 5
units of Tag polymerase (Perkin Elmer/Cetus, USA) in 50—
150 pl. Amplification consisted of 30—38 cycles of 1 min at 94°C
(denaturation), 1 min at 55°C (annealing), and 3—9 min at 72°C
(elongation). Reaction mixes (3—12 ul) or the products of diges-
tion with restriction endonucleases were loaded on 1 or 2%
agarose gels containing 2 pug/ml ethidium bromide and elec-
trophoresed at 60—100 V, before visualization under long-wave-
length ultraviolet light and photography through a red filter.
Marker DNA was 1-kb Ladder (Bethesda Research Labora-
tories, USA).

Southern hybridization

Rice DNA (5 or 10 pg) was digested with restriction endonucle-
ases and electrophoresed overnight at 25 V on 0.8% agarose gels
containing TEB buffer (Maniatis et al. 1982). DNA was trans-
ferred to GeneScreen Plus nylon membranes (DuPont NEN,
USA) by a simplified Southern hybridization protocol (Schuler
and Zielinski 1989), with slight modifications of solutions as
follows: 15 min in 0.2 N HCI; 2 x 15 min in 1.5 M NaCl, 0.5 M
NaOH; 2x 10 min in 1 M ammonium acetate. All these steps
were carried out with gentle shaking. Membranes were subse-
quently baked in vacuo at 80°C for 2h and hybridized
(Bernatzky 1988) with RG plasmids that had been *?P-labelled
(>1x10® dpm/pg) using the BRL Nick-translation kit. After
hybridization, the membranes were washed under stringent con-
ditions (twice in 2 x SSC, 0.1% SDS at room temperature for 5
min each; twice in 0.5 x SSC, 0.1% SDS at 65°C for 15 min
each; and twice in 2 x SSC at room temperature for 5 min) and
autoradiographed. Each blot was used for four or five hy-
bridizations, between which the probe was removed according
to GeneScreen protocol [20 min boiling in 10 mA TRIS-HCI
(pH 8.0), 1 mM EDTA, 1% SDS].

Results
Amplification of rice DNA

McCouch et al. (1988) used a large number of single- and
low-copy clones derived from IR36 genomic DNA, to
prepare a genetic map of the 12 haploid chromosomes of
rice. We determined partial sequences for the ends of 30
of these clones. Table 1 lists 40 bases of sequence, suitable



Table 1. DNA sequences of ends of RG clones. Sequences used subsequently for PCR primers are underlined

FORWARD
CHROMOSOME 1
RG345
CAGTCCGTATTTGAACTTCATGACGGTTCTGGCATTGTCG
RG381
CCTCGTACGTGCTCAGCCGTAGTACTGGCCGGTGCAGGAG
RG236
TATTCCGCAAACCTGTTGGATGGGAAGTCCCTTGGATCCC
RG140
GTAGCTGGTTCAAATCCTCAGGTATTTTGTTAGCTCATAT
CHROMOSOME 2
RG157
CGCTCTATCTCATTTTACAAGCTATTTTGTATACAATATC
RG120
TTCAGTCAATTTATTGACAGGTTTGCTGTCTTCTTTTAAG
RG144
TGGAGGAAAATATCATACTGAAATAATGCAGAGTTGCATC
CHROMOSOME 3
RG64
ATGATGCCCAAAAGCTTAGATAGGCAACATCTCAATTAGA
RG123
GATATGATGTTGCCATGTAGACCTTGTTTGACTGCTGGGT
RG172
ACCGCGTGGGTGCTCTTCTTGACGCCGTTCGAGACCATGA
CHROMOSOME 4
RG100
GAGAAGAGATCGCAAGTAACCTCCTCACTAAGGAGCACGC
RG227
CTGCAAACGAACGAAAGCAAAGTTACARAGACATGCGCAG
CHROMOSOME 5
RG207
CTGCAGTCTATCTATGATTGCTACGACGAAGATAGCTGGX
RG13
ATTACTCCAGTACTCCATATAGCACTACACCCATACTGTA
RG182
GATTTAAATTGCTATCTTTGCATGAGACCAACTGGAGTGG
CHROMOSOME 6
RG341
TCTCAACTCAGCTGGATTTCCTTATGGGTCAGTAACACTT
RG235
CTTTGCATTGCTGCTCACTTTTATTACTATGCACATGCAT
RG190
TCTTCATCTTCTGCATGTTCAGACAGCTTGTTTCCATCAT
CHROMOSOME 7
RG351
ATGCAGAAGTAGTTGTATTTGTCTTGGATCAGGTCTATTA
RG173
ATGAGAACTCTGAAACCGCAGCGACAGTGACTGACCGTGG
CHROMOSOME 8
RG365
TCAGTTGCTCCTAAAGCTCACCCAGTCAGTTCGCATTATC
CHROMOSOME 9
RG386
CTGCAGCAGAGTACTGTGCAACTGAXCXCTGTTCAGATCA
RG136
CCATGCATGCATGAACCAATGCAAATGCTTTTGATAATAT
CHROMOSOME 10
RG241
CATACTTTTCTGACCTAGTGCAGTAGTAAGACCACCTCAG
RG257
GATTGAGCAGGTACACTACTGAGGTTCTGGGGGTAAAGGT
CHROMOSOME 11
RG303
TATCACCTCTATCAAAGAAGTGTGCTGAGGTGATAAAATC
RG118
AGATTACAGTTTTAAGGTAGTTAGCAGCTGCCGTCACATG
CHROMOSOME 12
RG143
CAACCGAATCACCTAAGAATAGACTGGCACAATGAATGCG
RG214
CTAAAACGCCTATATCAGCGGCTTTCTAGGGTTCCACTCG
RG329
GCCAAAGCTCTCCAGTACTTAGACATGCTTCTGGACAAAT

REVERSE

CAGAAGCCATTCTACATGCTTACGGCTGCTCTCCAGAGTG
ACACCTATTATATATGCACGGTGTCCATCTATCTITTAGTC
TCTGAGTAAACACACAGAACATTTCAACTGGTCAAATCCC

GGCCACACCACCATATGCCCATGCACATCCATCCATCGTC

GCCTGCTTCAGCAAATTTATGAACTTCTTTGTGAGAAGCC
GGTCAAAGGTGAATGAATGAATCAATCAATCGATAGGAAA

AACGCGICGCTGGATTGCCGTACCTTTGTGGATTACGGGG

AATACATTCTGCCAATAGAAGTTACTTGCACTAACAAGAA
GGTTCCTGCCAATTCCTCTTCCTTCTGATTCCATGACCTG

ACATCTACACACCTAACATATAGACGGCATACAGTGAGTC

CTAGARAGCGATCGAACCACAGCCACAGCATGCACGGCTG

CATACTCCTACGCATGGTGCATATGATCTTGGTCGCTCCA

AGCAGGTTCATAAAGGCTCAAGTACAGTACTCCTGTGTAA

TCTAGAGTAGAGGGTGTATGCTCAAAGAAGATAAAAGGCC

AATAGCTAGGCTTTGCACTGAAACTTTTACTCTTTCTTCT

GTCCTCAGCTAGACTCTGACCAACTTGAGATGCTTTGAAT
AGTACATGCATACGCATGCTGATCTATTCTAATTAATCTA

AAGGACTACAAGAATCAGTCTGCGATCCGCAGAATGTTTA

GTAGTATTTACTCTTGTGTTAGTAGGAGTACTAGTATTTA

GCCGCCCTGCATCCCGACCACCGCGCCGGACGTGATCCAC

CCAGCAAATATACTTGAAATGCAAAATTAAGAACATTCAA

ATCTGATTGTCCCCATGTATGCTGGCTAATTCTATCAGCC

TCAGATTGTAATGTACTCCAACTAATCCATGTTATAGAAA

GAACAATTAACTGCTCACAGCAATATGTAACTAGTTICTTT

CCATATGAATGGAGGGAAAAATAATAGGAGAAATTCAAGC

ACAACTAAGAGCTAGTACTTTATATCGCAAGTTCCATGAC

TTTCCAGCAGATCATCAGGGATGCCAGTGTTCACCAGCTG

CTCAGCAACAGTCACTGCAATTATGCAAACCATACAGAGT

TGTATTCATTTGATGAGAAATCACGCTCAATCCAGGTGGA

AACTGAGAGCTACTAAAATCTCTCACACCCAAGGCCATGA
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Fig. 1. Ethidium bromide staining of PCR products for six sin-
gle-copy loci amplified from total DNA of rice variety
ARC6650. Lane 1: RG13; lane 2: RG118; lane 3: RG214; lane 4:
RG303; lane 5: RG351; lane 6; RG386; lane M: marker DNA.
Primer-dimer is indicated (PD)

for preparation of PCR primers, for the two ends of each
clone. All 12 haploid chromosomes of rice are represent-
ed.

For several of the sequenced clones, pairs of oligonu-
cleotides (20-mers) were synthesized and used as PCR
primers. The sequences of some of the primers used are
underlined in Table 1. Figure 1 shows PCR amplification
products for six pairs of primers hybridizing to genomic
DNA extracted from the Assam landrace ARC6650. For
each pair of primers, a single major PCR product was
detectable by agarose gel electrophoresis and staining
with ethidium bromide. The size of each product was
close to that of the original cloned insert derived from
IR36. The fact that amplification was successful at high
stringency of primer:template annealing indicates ade-
quate sequence conservation between IR36 and
ARC6650 with respect to regions hybridizing to the
primers. The fact that the products were of the expected
sizes indicates that no large-scale inversion, addition, or
deletion has occurred within these six segments since
divergence of the lineages leading to IR36 and ARC6650.
The low-molecular-weight primer-dimer artifact (PD) is
seen with some pairs of primers but not with all, a result
consistent with its occurrence being dependent on primer
sequence.

The size of PCR-amplified product was approximate-
ly the same from a number of Indica rice varieties at all
the loci examined. The fragment size for some loci such
as RG351, however, varied when amplified from DNA of

1 2 3 4 5 6 7 8 9 10 11 12 M

Fig. 2. Ethidium bromide staining of PCR products for locus
RG351 amplified from total DNA of Indica and Japonica rice
varieties, as well as wild species. Lane 1: ARC6650; lane 2: Phal-
guna; lane 3: Basmati 370; lane 4: IR50; lane 5: Swarnadhan;
lane 6: Velluthacheera; lane 7: Leah; lane 8: Nipponbare; lane 9:
0. longistaminata; lane 10: O. officinalis; lane 11: O. punctata,
lane 12: O. rufipogon; lane M: marker DNA

Japonica variety Nipponbare and from wild Oryza spe-
cies (Fig. 2). Amplification of a single major band using
primers based on IR36 sequence indicates that there is a
high degree of conservation over short stretches of DNA
in the genus Oryza. Differences in the size of the ampli-
fied fragments presumably represent insertion or deletion
events between the conserved regions. Such differences
are expected to become more frequent as genetic distance
increases. A large number of desirable agronomic traits
such as pest and stress resistance are present in wild
Oryza species, but crosses between wild and cultivated
varieties are difficult and progeny may have to be recov-
ered by embryo rescue techniques. PCR may thus
provide an easy means to determine the specific origin of
chromosome segments in semisterile progeny embryos
from wide crosses.

Detection of RFLPs without Southern hybridization

We are performing RFLP analysis on progeny of a cross
between ARC6650 and Phalguna. The objectives of this
work are, firstly, to map several insect resistance genes
onto the genetic map of the rice genome prepared by
McCouch et al. (1988) and, secondly, to use these map
data to accelerate breeding for enhanced insect resis-
tance. By identifying RFLP loci linked to resistance
genes, pyramiding of multiple genes for resistance to the
same insect becomes possible, and it is believed that such
multiple resistances are much less likely to break down
under field conditions. It is clear from Fig. 2 that PCR
can detect size polymorphisms at certain loci, especially
when DNAs from distantly related plants are amplified.
In more closely related varieties, such as the Indica lines
ARC6650 and Phalguna, none of the amplified loci di-
rectly show size polymorphism. We have consequently



Table 2. Average frequency of cleavage sites for restriction en-
donucleases in rice loci amplified by PCR

Restriction Recognition Average No. of loci
endonuclease sequence no. of sites examined
per kb

Maell ACGT 1.13 7
Alul AGCT 4.18 7
Nlalll CATG 2.71 7
Mael CTAG 1.92 7
Sau3Al GATC 1.81 7
Rsal GTAC 2.94 7
Tagl TCGA 1.02 7
Hpall CCGG 1.13 7
BstUI CGCG 0.34 7
Hhal GCGC 1.13 7
Haelll GGCC 1.13 7
Msel TTAA 2.36 6
Hinfl GANTC 1.81 7
SerFl CCNGG 0.71 3
Ddel CTNAG 1.22 4
FnudHI GCNGC 1.63 4
Sau961 GGNCC 0.57 6
Maelll GTNAC 1.74 6
Mnll CCTC 1.11 5

digested the amplification products with several four-
nucleotide recognizing restriction endonucleases (4-cut-
ters) to detect base changes or small insertions and dele-
tions. In a random DNA sequence, 4-cutter sites should
occur every 256 bp (4%), and each enzyme should there-
fore identify 16 bp (1,000/256 x 4) of sequence per kilo-
base. We have examined digestion at 19 different restric-
tion sites which, barring overlap, theoretically represent
up to 30% of all bases in any segment of random DNA.
A significant proportion of single base pair changes
could thus be examined by restriction enzyme digestion.
The number of actual sites found may be lower than
anticipated, because genomic DNA sequences are not
random and fragments smaller than about 50 bp were
not resolved on our gels; consequently, sites that fall
closer together than this are not recorded. We found that
there is significant variation in the number of sites for
different enzymes in the mapped single-copy loci (Table
2): sites for certain enzymes such as 4l and Rsal are
more common than others and thus may be more useful
in preliminary surveys for polymorphism. For example,
Fig. 3 shows the patterns of digestion when the RG303
segment is amplified from ARC6650 and Phalguna and
then cut with 4-cutters. Two of these seven enzymes failed
to cut the PCR products, two other enzymes cut but the
patterns of fragments were indistinguishable, while three
enzymes (Alul, Mael, and Maelll) yielded patterns
where one fragment was clearly different in size between
the two varieties. The results suggest that the Phalguna
segment amplified by the RG303 primers is actually
about 20 bp shorter than the corresponding segment of
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Fig. 3. Ethidium bromide staining of restriction fragments gen-
erated from PCR products for locus RG303 amplified from total
DNA of ARC6650 (lanes 1, 3, 5, 7, 9, 11, 13) and Phalguna
(lanes 2, 4, 6, 8, 10, 12, 14). Lane M: DNA marker. Lanes 1—-14:
PCR products digested with Alul (1, 2), BstUI (3, 4), Hpall
(5,6), Hhal (7, 8), Mael (9, 10), Maelll (11, 12), or Rsal (13, 14)

ARC6650, a difference too small to be detected in the
undigested PCR products (about 1,800 bp).

An RFLP that is probably due to base substitution is
clearly visible when the enzyme Rsal is used to cut the
PCR products (~ 1,900 bp) of the RG118 locus after am-
plification from ARC6650 and Phalguna (Fig. 4). Three
Rsal fragments (~ 660, ~550, and ~ 300 bp) are identi-
cal between the two products, but a 260-bp fragment of
Phalguna (lane 2) contains an additional Rsal site in
ARC6650 (lane 1), yielding 200- and 60-bp fragments
(60-bp fragment not shown in Fig. 4). Mixture of the two
amplified DNAs followed by digestion results in the ap-
pearance of the 260-, 200-, and 60-bp bands (lane 3),
suggesting that the 260-bp band is not a partial digéstion
product caused by an inhibitor in the ARC6650 DNA.

Analysis of recombinant inbred lines

The mapping of insect resistance genes of ARC6650 and
Phalguna onto the genetic map of the rice genome de-
pends upon analysis of the segregation of resistance phe-
notypes and DNA markers in an appropriate mapping
population. This population may consist of F, individu-
als derived from a cross between the two parents, or of
a set of recombinant inbred (RI) lines derived from F,
individuals. The latter is intrinsically the more powerful
option, because the mapping population is then essential-
ly immortal and the RFLP mapping data base can be
progressively supplemented with additional DNA and
phenotypic markers. The F,-based mapping population
cannot be used once those individual plants have died;
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Fig. 4. Ethidium bromide staining of Rsal fragments of PCR
products for locus RG118 amplified from DNA of ARC6650,
Phalguna, and 16 recombinant inbred lines derived from a cross
between them. Lane 1: ARC6650; lane 2: Phalguna; lane 3:
predigestion mix of lanes 1 and 2; lane 4: DNA markers; lanes
5-20: recombinant inbred lines Ryt 74 (5), Ryt 11468 (6), Ryt

during their lifetime they can be used to map only a few
phenotypes and then only if individual plants are divided
into multiple tillers. Accordingly, we have acquired 47
recombinant inbred lines of the ARC6650 x Phalguna
cross and are comparing them for RFLPs, both by
Southern hybridization and PCR.

Figure 4 shows the inheritance of the additional Rsal
site of locus RG118 among 16 recombinant inbred lines.
DNA extracted from about ten seedlings of each line was
pooled. DNA from 1 line (lane 18) failed to amplify
adequately after 30 cycles, while DNA from the other 15
lines amplified to approximately equal extents. Allowing
for two cases of incomplete digestion (lanes 6 and 15), ten
lines have inherited an allele from Phalguna (118P), while
three lines correspond to the ARC6650 allele (118A).
This bias in favor of the Phalguna phenotype will be
discussed below. PCR amplification of the RG303 locus,
followed by digestion with A/ul, also shows segregation
of a small insertion polymorphism (six Phalguna to seven
ARC6650) (results not shown). RG118 and RG303 both
map to chromosome 11, but are greater than 50 map
units apart (McCouch et al. 1988), and our PCR results
indicate that they segregate independently in the RI lines
(Table 3).

Analysis of individual seedlings

Of particular interest in Fig. 4 are the lines Ryt 65 and
Ryt 11469 (lanes 13 and 16), which appear to contain an
unequal mixture of the two parental alleles, with the

10 11 12 13 14
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9686 (7), Ryt 8653 (8), Ryt 346 (9), Ryt 75 (10), Ryt 318 (11}, Ryt
9701 (12), Ryt 65 (13), Ryt 18 (14), Ryt 11516 (15), Ryt 11469
(16), Ryt 12074 (17), Ryt 24 (18), Ryt 365 (19), and Ryt 12197
(20). Some of the bands, in particular the 200-bp band of lane
13, are faint

Table 3. Inheritance of mapped loci in recombinant inbred lines
as determined by PCR. A=ARC6650 allele, P=Phalguna al-
lele, H=heterozygous

=
Q
N
P
Co

Variety RG214 RG303

Ryt 74
Ryt 11468
Ryt 346
Ryt 8653
Ryt 9686
Ryt 75
Ryt 318
Ryt 9701
Ryt 65
Ryt 18
Ryt 11516
Ryt 11469
Ryt 12074
Ryt 24
Ryt 365
Ryt 12197
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Phalguna allele predominant. This phenomenon was
found to be due to the pooling of DNA from several
plants of these inbred lines. Figure 5 shows the analysis
of DNA from 17 individual seedlings of line Ryt 65.
Among these seedlings, 2 were homozygous 118A, 14
were homozygous 118P, and 1 was heterozygous. Thus,
the pattern seen in lane 13 of Fig. 4 results from a mixture
of seed from a line that was clearly still segregating at
locus RG118 after five to six generations of inbreeding.
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Fig. 5. Ethidium bromide staining of Rsal fragments of PCR
products for locus RG118 amplified from total DNA of single
seedlings of Ryt 65. Lane 1: batch DNA prep; lane M: marker
DNA; lanes 2-19: single seedlings

Even in a selfing plant such as rice, residual heterozygos-
ity is not unexpected at this stage. Single seedling analysis
of Phalguna indicated that this parental line also carried
a mixed population of alleles at this locus, whereas mixed
seed has not been detected in ARC6650 at any of the loci
examined. Mixed seed populations in cultivated lines of
rice have been previously observed (Miezan and
Ghesquire 1986; McCouch et al. 1988). Wang and Tanks-
ley (1989) reported that 26% of Indica, Japonica, and
Javanica cultivated varieties contain detectable poly-
morphism. Different recombinant inbred lines show het-
erozygosity at different loci (Table 3), consistent with
segregation of residual heterozygosity, rather than cross-
pollination or postharvest intermixture of seed. Given
the sensitivity of DNA-based genetic analysis, it is likely
that many inbred varieties and recombinant inbred lines
will prove to be populations of genotypes and should be
sampled as such.

Bias in recombinant inbred lines

The ideal mapping population for RFLP analysis would
be an unbiased set of recombinant inbred lines derived
from a cross between two very different parents. This
would maximize the number of phenotypically important
genes that could be mapped with that particular popula-
tion (Burr et al. 1988). There should be at least 40 lines
in the population and each line should contain the allele
of only one parent at as many loci as possible, partly to
ensure that lines are true breeding and partly to simplify
cosegregation analysis. Even using single seedling de-
scent, at least five seasons of inbreeding are required to
reduce the frequency of heterozygosity below about 3%.
Consequently, students of RFLP analysis may not ini-
tially breed their own recombinant inbred lines; rather,
they may use existing sets of inbred lines made available
from past breeding programs. This is the approach that
we have adopted in our study of ARC6650 and Phalgu-
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Fig. 6. Ethidium bromide staining of Msel fragments of PCR
products for locus RG274 amplified from total DNA of
ARC6650, Phalguna, and 14 recombinant inbred lines derived
from a cross between then. Lane designation as in Fig. 4

na. Unfortunately, most breeding programms have
strong biases built into them, such as selection for dwarf
habit, high yield, early flowering, and so on. This was
undoubtedly the case for the progeny of the ARC6650
x Phalguna cross, where the aim was to introgress into
high-yielding Phalguna only a few agronomic traits from
ARC6650, such as brown plant-hopper resistance (E.A.
Siddiq, M.V.S. Sastry, and U. Pradasa Rao, personal
communication). For this reason, DNA markers that are
tightly linked to loci determining important Phalguna
traits will tend to be overrepresented in the population of
recombinant inbred lines. Figure 6 shows an example of
such a DNA marker: locus RG 274. The PCR products
for this locus from ARC6650 and Phalguna were about
1,500 bp. Cleavage with Msel yielded two fragments for
the ARC6650 allele (~1,010 and 400 bp) and three for
the Phalguna allele (~ 590, 420, and 400 bp); that is, the
Phalguna allele contained an additional Msel site in the
1,010-bp fragment. Out of the 14 recombinant inbred
lines examined, 12 amplified adequately and showed the
Phalguna allele; the 2 that failed to amplify adequately
later proved also to have the Phalguna allele. Thus, the
RG214 locus is very tightly linked to a locus of impor-
tance in determining a key aspect of the Phalguna pheno-
type.

Analysis of loci RG21/4 and RG118 by Southern hy-
bridization confirms the patterns of inheritance detected
by PCR. However, the polymorphisms detected by the
two strategies do not represent the same physical DNA
changes (i.e., the enzymes that detect polymorphism do
not recognize the same sequences) (data not shown). Fine
structure RFLP analysis of PCR-amplified DNA there-
fore detects a different subset of genetic changes.
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Discussion

We have demonstrated the use of PCR to detect RFLPs
and to follow their inheritance in rice without resorting
to Southern hybridization. PCR primers 'were synthe-
sized from sequence data that we obtained for the termi-
nal regions of single-copy RG clones of McCouch et al.
(1988). These clones had been prepared from genomic
DNA of IR36 (an Indica rice), were of known size, and
had been mapped onto the 12 haploid chromosomes of
rice (McCouch et al. 1988). In most cases PCR amplifica-
tion from total genomic DNA of Indica rices yielded a
single, specific product of the expected size. RFLPs were
observed between these PCR products after cleavage
with restriction endonucleases and analysis of restriction
fragments, by agarose gel electrophoresis and staining
with ethidium bromide. Some of these RFLPs were due
to size polymorphisms that were too small (about 20 bp)
to be seen in undigested PCR products (800-2,200 bp)
and could represent footprints of mobile elements (Dor-
in and Starlinger 1986). Other RFLPs were due to the
presence/absence of particular restriction enzyme sites
and likely result from point mutations. However, when
PCR products of DNAs from Indica, Japonica, and wild
rice species were compared, size polymorphisms were
detected without the need for digestion with restriction
endonucleases.

RFLP analysis is usually performed by Southern hy-
bridization. The advent of highly sensitive, non-radio-
chemical methods for labelling DNA probes will increase
the ease with which Southern hybridization is applied to
RFLP analysis. However, PCR-based protocols for
RFLP such as described here dispense with the labor-in-
tensive Southern hybridization procedure entirely. There
are several contexts in which PCR might be an attractive
alternative to Southern hybridization. The first concerns
loci that are apparently nonpolymorphic by Southern
hybridization. An examination of genetic maps of
genomes based on RFLP analysis of random DNA
probes reveals many regions that are poorly covered with
markers (McCouch et al. 1988). This could be due merely
to chance or it could be due to an unexpectedly high
degree of relatedness in these regions between the
parental lines used to generate the mapping populations.
In either case, it is essential that the few markers that
have been mapped to these regions are polymorphic for
the parental lines used in RFLP analysis. Standard
Southern hybridization using hexanucleotide-recogniz-
ing restriction enzymes can discriminate between differ-
ent DNAs at a given locus, if at least one restriction
enzyme can be found to cut the DNAs differently in or
adjacent to that region. Such analysis is thought to detect
primarily insertions and deletions, since polymorphism is
more commonly found in large restriction fragments
(McCouch et al. 1988; Miller and Tanksley 1990). We

routinely use a set of six hexanucleotide-recognizing en-
zymes to cut the DNAs of ARC6650 and Phalguna, and
we find an RFLP with at least one of these enzymes for
about 66% of 56 loci. The remaining loci are nonpoly-
morphic according to this approach and as such are use-
less for RFLP mapping. The usual approach to the res-
cue of such loci is to use additional restriction endonucle-
ases, but this can be very wasteful of genomic DNA and
is unlikely to detect small DNA changes. Restriction
enzyme digestion of PCR products detects a different
subset of DNA changes and might thus rescue loci that
appear to be monomorphic by Southerns. Even where an
RFLP is not detectable, fine structure comparison of
DNA from a particular locus is possible from PCR prod-
ucts. Single-base-pair mismatches may be detected by
denaturing gradient gel electrophoresis (Meyers et al.
1987) or chemical cleavage (Cotton et al. 1988). Ulti-
mately, direct sequencing of amplified products followed
by high stringency oligonucleotide hybridization (Ikuta
et al. 1987; Tiercy et al. 1988) may allow exploitation of
any base pair change. This additional effort would be
justifiable for markers in regions haboring genes of inter-
est, since the closer flanking DNA markers are to such
genes, the lower the frequency of recombination between
them and the lower the frequency of false negative and
false positive results. We hope that the publication here
of sequence data for 30 such loci covering all 12 chromo-
somes of rice will lead others to use this approach.
RFLP patterns detected by Southern hybridization
can be affected by modification of DNA such as methy-
lation, since it is known that many restriction enzymes
are sensitive to methylation (Nelson and McClelland
1987) and it is likely that other DNA modifications can
affect their activity. An important feature of RFLPs de-
tected in PCR products is that they are not subject to
artifacts such as those caused by differences in methyla-
tion of the DNA. This may be especially important in
analysis of DNA from callus cultures and plants regener-
ated from culture, which show abnormal and often aug-
mented patterns of methylation (Brown et al. 1990).
PCR-based RFLP analysis will be applicable in plant
breeding programs once several important phenotypic
traits have been mapped relative to cloned DNA mark-
ers. For each trait, it would be necessary to synthesize
only two pairs of PCR primers, corresponding to the
ends of the clones of the two flanking markers. This
approach would be especially useful in the case of stress
resistance genes. The inheritance of such genes is now
monitored largely by phenotypic analysis, and only one
trait can be introgressed at a time, unless different tillers
are subjected to different stresses, or unless the gene is
linked closely with a morphological marker. However,
when mapped genes are monitored by detection of flank-
ing DNA markers, many traits can be monitored simul-
taneously by exploiting the ability of different pairs of



PCR primers to amplify specific loci from the DNA ob-
tainable from a single leaf of individual plants. We have
shown here the inheritance of loci RG118 and RG303 in
individual seedlings of a recombinant inbred line of the
ARC6650 x Phalguna cross. It should be noted that PCR
not only requires much less DNA than that required for
Southern hybridization but also tolerates a much simpler
DNA extraction protocol. The ribonuclease treatment
and phenol extraction used to extract DNA for Southern
hybridization can be dispensed with in the case of PCR
amplification. DNA extracted from single leaves of
seedlings can be used to determine the genotype of many
recombinants early in the growing season, and those
plants with a particular set of attributes can be quickly
selected for further crossing or phenotypic analysis.
Finally, unlike Southern hybridization, the PCR tech-
nique is already largely automated and need not use
radioactivity. These features may make PCR an attrac-
tive alternative in the application of RFLP analysis to
plant breeding programs outside specialized laboratories.
The major disadvantage of PCR is the current expense of
the technology. This is likely to diminish rapidly as se-
quence data, automated water baths, and primers be-
come more readily available and mapping data on agro-
nomically important genes are accumulated. Exchange of
primers between laboratories will also greatly facilitate
the use of this approach.

Little is known about the molecular origins of
RFLPs. In principle, point mutations, inversions, dele-
tions, or insertions could be responsible (McCouch et al.
1988; Miller and Tanksley 1990). When RFLPs are de-
tected by Southern hybridization, only a minority of
DNA sequence alterations responsible for these RFLPs
will lie within the regions hybridizing with the probes.
The majority will lie at unknown sites outside the hy-
bridizing regions. A complicated cloning strategy would
be required to identify the site of the alteration. In con-
trast, mutations responsible for RFLPs detected by PCR
lie within the amplified segments themselves and may be
characterized fully by sequencing of the PCR products or
fragments thereof. We have preliminary evidence that
transposable elements or their footprints have been re-
sponsible for some of the polymorphisms detected in the
comparison of different rice varieties.

In summary, PCR provides a fast and simple method
of following inheritance of DNA markers, using only
small quantities of biological material and without using
radioactivity. In addition, the technique may allow res-
cue of apparently nonpolymorphic mapped loci, and
may simplify the characterization of mutations responsi-
ble for polymorphism.
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Note added in proof:

The sequences in table 1, together with additional sequence data
from RG loci, are available in the EMBL Sequence Data Li-
brary, accession numbers X57860 to X57923.
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