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ABSTRACT

Oh, B. J., Frederiksen, R. A., and Magill, C. W. 1994, Identification
of molecular markers linked to head smut resistance gene (Shs) in sorghum
by RFLP and RAPD analyses. Phytopathology 84:830-833.

Restriction fragment length polymorphism (RFLP) and random
amplified polymorphic DNA (RAPD) methods were used to find markers
linked to a head smut resistance gene (Shs) in sorghum. To select parents
for a mapping population, RFLPs were identified between four resistant
accessions (Lahoma Sudan, White Kafir, SC325, and CS3541) and four
susceptible accessions (RTx7078, SC170-6-17, BTx399, and BTx623) for
three restriction enzymes (EcoRI, EcoRV, and HindIII) with 43 maize
genomic clones. Since SC325 (resistant) and RTx7078 (susceptible) showed
the maximum RFLP frequency, these accessions were selected for map-

ping. Fifty-two F, progenies from a selfed cross between accessions SC325
and RTx7078 were used to map the Shs locus. One hundred twenty-
four sorghum genomic clones with five restriction enzymes (BamHI,
EcoRl, EcoRV, HindlIll, and Xbal) and 326 RAPD markers were used
for linkage analysis with Shs. Linkage of RFLP and RAPD loci with
Shs was verified by using F; lines to determine the Shs genotypes of
the F, plants after inoculation with a race 5 isolate of Sporisorium
reilianum. RFLP and RAPD analyses revealed that RFLP loci detected
by probes pSbTXS560 and pSbTXS1294 and one RAPD locus from
primer OPGS5 were linked to Shs.

Additional keywords: bulked segregant analysis, sorghum hybrid breeding.

Sorghum head smut, caused by Sporisorium reilianum (Kiihn)
Langdon & Fullerton, is an important disease of sorghum (Sorghum
bicolor (L.) Moench) in Africa, Asia, Australia, Europe, and
North America. Chemical control and effective agronomic prac-
tices are not sufficient to efficiently reduce disease incidence.
Resistant cultivars are the most effective method to control this
disease, but head smut still remains a potentially important disease
because of the pathogen’s variability (6). In the United States,
four physiological races have been defined among sorghum
isolates of S. reilianum on the basis of their reactions on a series
of host differentials (7). An isolate that originated in Taylor, Texas,
was determined to be race 5 of S. reilianum. Resistance to race
5 of S. reilianum in several sorghum accessions was expressed
as a dominant trait (20). However, there is no information on
linkage of any genes for sorghum head smut resistance.

Since the recognition of restriction fragment length poly-
morphisms (RFLPs) as a useful tool for genome mapping by
Botstein et al (2), RFLP markers have been introduced into general
plant breeding programs (9) and used to tag disease resistance
genes (29). Disease resistance genes linked to RFLP markers have
been identified in several important crops, including maize (1),
potato (13,25), rice (26), and tomato (10,14).

Recently, Williams et al (30) developed a procedure that em-
ploys random DNA primers in a polymerase chain reaction (PCR)
to rapidly generate polymorphic markers that can be used to
create genetic linkage maps. Since then, random amplified poly-
morphic DNAs (RAPDs) have been used to produce maps in
several plant species (23,24,30) and to tag major genes for disease
resistance in common bean (8,17), lettuce (21), and tomato (14,15).
Michelmore et al (16) proposed using bulked segregant analysis
for the identification of RFLP or RAPD markers linked to
important genes in plants where near-isogenic lines are not avail-
able. The combination of RAPDs and bulked segregant analysis
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serves to enhance the identification of markers that are tightly
linked to the gene of interest.

One of the goals in our sorghum hybrid breeding is to improve
the ability to select and combine genes for sorghum head smut
resistance via their linkage to easily detectable RFLP or RAPD
markers. This study reports two RFLP markers and one RAPD
marker that are linked to a sorghum head smut resistance gene
in accession SC325.

MATERIALS AND METHODS

Parental lines. Four resistant accessions (Lahoma Sudan, White
Kafir [P148770], SC325 [1S2462der.], and CS3541 [1S3541der.])
and four susceptible accessions (RTx7078 [IS415], SC170-6-17
[1S12661der.], BTx399 [IS169], and BTx623) were used to select
parents for a mapping population of a gene for sorghum head
smut resistance (Shs). These accessions confer resistance whether
they have been naturally inoculated or injected with sporidia,
but it has not been determined whether they have the same Shs
resistance genes.

Inoculation and resistance assessment. In order to obtain spor-
idia, teliospores of S. reilianum were surface sterilized in 95%
ethanol, air dried, and streaked onto acidified potato-dextrose
agar for germination. Colonies of sporidia from individually
germinated teliospores were maintained separately and incubated
at room temperature for 4 days. Sporidia of a single teliospore
colony were transferred to potato-dextrose broth and increased
on a rotary shaker at room temperature and 100 rpm for 4 days.
The sporidia were then filtered through four layers of cheesecloth.
The sporidia from three individual teliospores were mixed before
inoculation. A hypodermic syringe was used to introduce the
mixed sporidia (5 X 10°/ml) into 4-wk-old sorghum seedlings
immediately below the apical meristem (4).

F; lines were used for progeny tests to identify the genotype
of F, plants on the basis of resistance or susceptibility to race
5 of 8. reilianum. At least 10 F; plants were scored per F; plant.



Susceptible plants developed smut sori and/or sterile panicles.
Plants that did not develop smut sori and/ or sterile panicles more
than 2 mo after inoculation were scored as resistant.

DNA extraction. Total DNA was extracted from freeze-dried
leaves of four resistant accessions, four susceptible accessions,
and F, and F; plants from SC325 X RTx7078 by the method
of Murray and Thompson (18) as modified by Saghai-Maroof
et al (27) with minor modifications. Freeze-dried and ground leaf
tissue (300-500 mg) was mixed with CTAB (cetyltrimethyl-
ammonium bromide) extraction buffer (7.4 ml of distilled water,
I ml of I M Tris [pH 8.0], 1.4 ml of 5 M NaCl, 0.2 ml of 0.5
M EDTA, 0.1 ml of B-mercaptoethanol, and 0.1 g of CTAB)
and incubated for 3 h at 65 C with occasional mixing. This mixture
was extracted with chloroform and octanol (24:1) and centrifuged,
and the aqueous phase was transferred to a new tube. The DNA
was precipitated with cold isopropanol, spooled, rinsed (in 76%
ethanol plus 0.2 M NaOAc and then in 76% ethanol plus 10 mM
NH,4OAc), dried, and dissolved in Tris-EDTA buffer. The DNA
concentration was measured with a TKO 100 DNA fluorometer
(Hoefer Instruments, San Francisco, CA).

RFLP analysis. As a preliminary step, 43 maize genomic clones
obtained from the University of Missouri were used with three
restriction enzymes (EcoRI, EcoRV, and HindIII) to identify
polymorphic parents suitable for mapping population.

The 124 sorghum genomic clones used to search for the Shs
gene in SC325 are located at intervals of approximately 15-20
centimorgans (cM) throughout the sorghum genome (31). To
increase the probability of detecting polymorphisms in the parents,
five restriction enzymes (BamHI, EcoRl, EcoRV, HindIIl, and
Xbal) were used.

The cloned inserts were digested with PstI and electrophoresed
on 0.8% low-melting a%arosz: gels. The appropriate band was
excised and labeled with *P-d ATP by the random primer method
(5). Five micrograms of sorghum DNA was digested with BamHI,
EcoR1, EcoRV, HindIIl, and Xbal. Digested DNA was separated
by electrophoresis on 0.8% agarose gels, denatured (0.25 N HCI
for 15 min), and blotted onto Zetaprobe membranes with 0.4 N
NaOH as the transfer solution (28).

Prehybridization and hybridization were carried out in sealed
plastic pouches at 60 C for maize RFLP probes and at 65 C
for sorghum RFLP probes. Hybridization was carried out over-
night at 60 or 65 C with gentle agitation. Filters were washed
in 2> SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
plus 0.5% sodium dodecyl sulfate (SDS) at room temperature
for 5 min and then in 0.1X SSC plus 0.1% SDS at 60 or 65 C
for 30 min. The washed filters were exposed to X-ray films for
3-4 days at —80 C. Probes were removed from the membrane
by washing in 0.2 N NaOH at room temperature for 30 min
and then in 0.25 M Tris (pH 7.5), 0.1X SSC, and 0.1% SDS
at room temperature.

RAPD analysis. A total of 326 10-base primers (Operon Tech-
nologies Inc., Alameda, CA) were surveyed with DNA extracted
from SC325 and RTx7078. If a primer showed a polymorphism
between SC325 and RTx7078, it was resurveyed with bulks of
DNA from the homozygous resistant F, plants and from homo-
zygous susceptible F, plants. Aliquots (2.0 ug of DNA) of indi-
vidual F, plants were bulked (16). DNA from eight susceptible
plants was combined, but the resistant bulk contained DNA from
eight to 15 plants. Amplification reactions were in volumes of
10 ul containing 10X PCR buffer, 0.5 mM dNTP, 0.4 mM MgCl,,
0.5 unit of Tag DNA polymerase (Promega, Madison, WI), 0.4 uM
primer, and 5 ng of genomic DNA. Amplification was performed
in a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, CT)
programmed for 45 cycles of 1 min (5 min for first cycle) at
94 C, 1 min at 36 C, and 2 min at 72 C followed by a final
extension of 15 min at 72 C (30).

Linkage analysis. Linkage analysis of RFLP and RAPD
markers segregating in the F, population was performed with
the program MAPMAKER Macintosh V 1.0 (12). RFLP and
RAPD markers were first processed by two-point analysis with
the logarithm of odds (LOD) = 3.0 and maximum theta = 4.0
to infer a possible linkage group associated with Shs. The groups

were processed by multiple point analysis (LOD = 3.0) with a
maximum of five markers by using the “compare” command to
determine an acceptable order for these markers (12). Distances
between markers are presented in centimorgans derived with the
Kosambi function (11).

RESULTS

Selection of parents to map. RFLPs were identified between
four resistant accessions and four susceptible accessions by using
three different enzymes (EcoRI, EcoRV, and Hindlll) and 43
maize genomic clones. Among the 16 pairs of resistant and
susceptible accessions, SC325 and RTx7078 showed the maximum
level of RFLP that could be easily detected. Therefore, a cross
was made between SC325 and RTx7078 to map the Shs locus.
An F, population consisting of 52 progeny was used for linkage
mapping.

Segregation analysis of Shs. F; lines derived from 52 single
F, plants were used to determine the resistance genotype of the
F, plants. Of the 52 F, plants, 19 were inferred to be homozygous
resistant to S. reilianum, eight were homozygous susceptible, 23
were heterozygous resistant, and two were scored as missing data
for a 1:2:1 ratio (x* = 5.038; P> 0.05) (Table 1).

RFLP linkage analysis for Shs. To identify RFLP markers
for Shs, 124 sorghum genomic clones were screened after digestion
of sorghum genomic DNA with five different restriction enzymes
(BamH]I, EcoR1, EcoRV, HindlIll, and Xbal). Of the genomic
clones tested, 102 showed polymorphism between SC325 and
RTx7078 with at least one restriction enzyme. To determine which
of the 102 RFLP markers were linked to Shs, the DNA probes
were hybridized to filters that contained DNA from the two
parents and 52 F, progenies that had been digested with a restric-
tion enzyme that generated easily distinguished polymorphisms.

Evidence of linkage to Shs was found with the locus detected
by pSbTXS1294 (19), which maps on the end of linkage group
A in the sorghum RFLP map (Fig. 1A) (31). In further mapping
analysis, the locus detected by pSbTXS560, which is located near
txs1294 (Fig. 1A), was also found to be linked to Shs. Linkage
analysis showed that the Shs locus was linked to two RFLP loci,
txs560 and txs1294, at 8.8 and 19.9 c¢M, respectively (Fig. 1B).

PCR analysis for detecting RAPDs that are linked to Shs.
Approximately 1,467 discrete products, ranging from 0.3 to 2.6
kilobase pairs, were amplified per parental accession (average
4.5 products per primer). Although the two parents are not near-
isogenic lines, the majority of the products were identical in both
parents. Nineteen of 326 (5.8%,) RAPD primers produced DNA
fragments that were polymorphic between the two parents. In
the bulked segregant analysis, only primer OPGS generated one
polymorphic product (OPGS5-2) that was amplified from the
homozygous resistant, but not the susceptible, bulk. OPGS
generated two polymorphic products (OPGS5-2 and OPGS5-1) that
differed between SC325 and RTx7078, but only the former was
linked to Shs by F, segregation (Fig. 2). When each F, plant
was individually tested, linkage analysis showed that the Shs locus
was linked to RAPD locus opg5-2 at 6.0 cM (Fig. 2B).

DISCUSSION

In theory, combining different genes for head smut resistance
may lead to more durable resistance and alleviate the need to
continuously search for new sources of disease resistance. How-
ever, in order to do so, it will be imperative to easily identify
each of the resistance genes that may be present in a particular
individual. Current evaluation protocols, including natural infec-
tion, hypodermic inoculation (4), and seedling reaction (3), have
classified sorghum genotypes as R1, R2, R3, and S! according
to factors for resistance to S. reilianum (3), but the genes involved
have not been identified. According to the reaction to S. reilianum
based on natural inoculation and hypodermic inoculation, SC325
is classified as an R3 genotype. Since R3 genotypes are resistant
under natural inoculation and by hypodermic inoculation, they
have factors for resistance in both nonmeristematic and meri-
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stematic tissues that lead to an incompatible host-pathogen
interaction. The head smut resistance gene (Shs) of SC325 is a
valuable source of resistance to S. reilianum. RFLP marker loci
detected by pSbTXS560 and pSbTXS1294 and a RAPD marker
locus from primer OPGS5 linked to Shs in SC325 may help to
identify genotypes of sorghum possessing the resistance allele,
to select for other head smut resistance genes, or to breed resistant
sorghum hybrids.

Two predictable problems arose in trying to pinpoint the loca-
tion of the Shs allele: 1) probes that revealed polymorphism in
the original mapping parents (IS3620C and BTx623) did not detect

TABLE 1. The reaction of 52 F, progenies from SC325 X RTx7078
to Sporisorium reilianum and the segregation data of four loci (1xs560,
Shs, opg-2, and txs1294)

Proginy Genotype®
no. Reaction® A B C D
1 seg 2 2 3 2
2 HR l 1 4 1
3 seg 2 2 4 3
4 HR 2 1 4 2
5 seg 2 2 4 2
6 seg 1 2 4 2
7 seg 2 2 4 2
8 seg 2 2 4 3
9 HR 1 1 3 2
10 HS 3 3 3 3
11 seg 2 2 3 1
12 HR 2 1 4 2
13 HR 1 1 4 1
14 HR i 1 4 1
15 HR 1 1 4 2
16 HR 2 1 4 1
17 seg 2 2 4 2
18 seg 2 2 4 2
19 HS 3 3 3 2
20 seg 2 2 4 2
21 HR B 1 4 l
22 seg 2 2 Zals e
23 HR 1 1 4 1
24 seg 3 2 4 1
25 HR 1 1 4 |
26 seg 1 2 4 1
27 seg 2 2 4 2
28 seg 2 2 4 2
29 HR 2 1 4 2
30 seg 2 2 4 2
31 HR 1 1 4 1
32 s 2 e 4 2
33 seg 2 2 4 1
34 HR a3 1 4 2
35 v 2 e 4 3
36 seg 2 2 3 3
37 HR 2 1 4 2
38 seg 2 2 4 2
39 HS 3 3 3 3
40 HS 3 3 3 3
4] HR 1 I 4 1
42 seg 2 2 A4 3
43 seg | 2 4 2
44 HS 3 3 3 3
45 seg I 2 4 2
46 HR 1 | 4 1
47 HR 1 1 4 I
48 HR | 1 4 1
49 HS 3 3 3 3
50 HS 3 3 3 2
51 HS 3 3 3 w5
52 seg 2 2 3 3

“Reactions were classified as HR for homozygous resistant, seg for
segregating, and HS for homozygous susceptible.

hGenn:}types: were classified as | for SC325 alleles, 2 for heterozygous,
3 for RTx7078 alleles, and 4 for indistinguishable SC325 or heterozygous.
A = 1xs560; B= Shs; C = opg5-2; and D = 1xs/294.

“Missing data.
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RFLPs for any of the five enzymes tested in the resistant and
susceptible parents (SC325 and RTx7078); and 2) different loci
among several fragments detected by the same probe were poly-
morphic in the two sets of parents.

Four RFLP marker loci, located near txs560 and txs1294 on
the sorghum linkage group A (31) and detected by pSbTXS2065,
pSbTXS1220, pSbTXS1311, and pSbTXS1353, were selected to
attempt to better pinpoint the Shs locus. Unfortunately, these
markers did not reveal linkage to Shs, and the end of linkage
group A does not have enough markers to find tightly linked
markers. On the basis of RFLP analysis, the two RFLP marker
loci detected by pSbTXS560 and pSbTXS1294 were not tightly
linked to Shs. Therefore, to find markers associated with Shs
and to fill a gap in that region, RAPD and bulked segregant

A A B
Dist 0 Dist
cM " cM
I
|
A txs1440 |
4.1 | txs1379
53~ xs1851 - ixs560
0.0 f—\txsfgoo 8.8
122-20 txs645(2) sol S
4 ixs2065 T or952
14.2 13.9
1 ixs560 —4— txs1294
52 1 ixs1220 I
I
16.7 1
—1— ixs1294
12.1
-+ txs1311
9.3
—+ ixs1353

Fig. 1. Position of the Shs locus on the restriction fragment length
polymorphism (RFLP) linkage map of sorghum. A, Linkage group A
was derived from the segregating population (IS3620C X BTx623) used
for the sorghum RFLP map (31). B, A part of the sorghum linkage
group showing the linkage maps around the Shs locus derived from SC325
(resistant) and RTx7078 (susceptible).

Shs Genolype 13221 21-21-21233122321 113332
opgs-2 Genolype 43444M444444 34433444 344M443333

1.2 Kb

0.7Kb

Fig. 2. Segregation analysis by polymerase chain reaction amplification
of genomic DNA from 26 F, progeny with primer OPG5. A total of
52 F; plants derived from SC325 X RTx7078 were scored for their reactions
to Sporisorium reilianum and for their genotypes with respect to random
amplified polymorphic DNA markers selected. Left two lanes are SC325
and RTx7078, respectively. | = Homozygous for SC325 alleles (resistant
phenotype); 2 = heterozygous (resistant phenotype); 3 = homozygous
for RTx7078 alleles (susceptible phenotype); and 4 = not homozygous
for RTx7078 alleles (resistant phenotype). M = molecular standard marker
(pGEM marker).



analysis were used. One RAPD locus (opg5-2) was added between
Shs and txs/1294. Although PCR amplification is sensitive to
specific reaction conditions, the sensitivity can be offset by con-
verting polymorphic PCR products to reproducible RFLP
markers for mapping purposes (15) and to sequence characterized
amplified region markers for plant breeding applications such
as marker-aided selection and cultivar identification (22). In this
study, the combination of RAPDs and bulked segregant analysis
proved to be faster and less expensive than the RFLP technique
in finding a useful DNA tag for the Shs locus.

LITERATURE CITED

. Bentolila, S., Guitton, C., Bouvet, N., Sailland, A., Nykaza, S., and

Freyssinet, G. 1991. Identification of an RFLP marker tightly linked
to the Htl gene in maize. Theor. Appl. Genet. 82:393-398,

. Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. 1980.

Construction of a genetic linkage map in man using restriction
fragment length polymorphisms. Am. J. Hum. Genet. 32:314-331.

. Craig, J., and Frederiksen R. A. 1992. Comparison of sorghum seed-

ling reactions to Sporisorium reilianum in relation to sorghum head
smut resistance classes. Plant Dis. 76:314-318.

. Edmunds, L. K. 1963. Use of sporidial hypodermic injection to test

sorghum for head smut resistance. Plant Dis. Rep. 47:909-913.

. Feinberg, A. P., and Vogelstein, B. 1984. A technique for radiolabeling

DNA restriction endonuclease fragments to high specific activity.
Anal. Biochem. 132:6-13.

. Frederiksen R. A. 1986. Head smut. Pages 17-18 in: Compendium

of Sorghum Diseases. American Phytopathological Society, St. Paul,
MN.

. Frederiksen, R. A, and Reyes, L. 1980. The head smut program

at Texas A&M University. Pages 367-372 in: Sorghum Diseases: A
World Review. International Crops Research Institute for the Semi-
Arid Tropics, Patancheru, India.

. Haley, S. D., Miklas, P. N., Stavely, J. R., Byrum, J., and Kelly,

J. D. 1993. Identification of RAPD markers linked to a major rust
resistance gene block in common bean. Theor. Appl. Genet. 86:505-512.

. Helentjaris, T., King, G., Slocum, M., Siedenstrang, C., and Wegman,

S. 1985. Restriction fragment polymorphisms as probes for plant
diversity and their development as tools for applied plant breeding.
Plant Mol. Biol. 5:109-118.

. Ho, J.-Y., Weide, R., Ma, H. M., van Wordragen, M. F., Lambert,

K. N., Koornneef, M., Zabel, P., and Williamson, V. M. 1992. The
root-knot nematode resistance gene (Mi) in tomato: Construction
of a molecular linkage map and identification of dominant cDNA
markers in resistant genotypes. Plant J. 2:971-982.

. Kosambi, D. D. 1944. The estimation of map distance from recom-

bination values, Ann. Eugen. 12:172-175.

. Lander, E. S., Green, P., Abrahamson, J., Barlow, A., Daly, M.

J., Lincoln, S. E., and Newburg, L. 1987. MAPMAKER: An inter-
active computer package for constructing primary genetic linkage
maps of experimental and natural populations. Genomics 1:174-181.

. Leonards-Schippers, C., Gieffers, W., Salamini, F., and Gebhardt,

C. 1992. The RI gene conferring race-specific resistance to Phytoph-
thora infestans in potato is located on potato chromosome V. Mol.
Gen. Genet. 233:278-283.

. Martin, G. B., de Vicente, M. C., and Tanksley, S. D. 1992. High-

resolution linkage analysis and physical characterization of the Pro
bacterial resistance locus in tomato. Mol. Plant-Microbe Interact.
6:26-34.

5

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31

. Martin, G. B., Williams, J. G. K., and Tanksley, S. D. 1991, Rapid
identification of markers linked to a Pseudomonas resistance gene
in tomato by using random primers and near isogenic lines. Proc.
Natl. Acad. Sci. USA 88:2336-2340.

. Michelmore, R. W., Paran, 1., and Kesseli, R. V. 1991. Identification
of markers linked to disease-resistance genes by bulked segregant
analysis: A rapid method to detect markers in specific genomic regions
by using segregating populations. Proc. Natl. Acad. Sci. USA 88:9828-
9832,

. Miklas, P. N., Stavely, J. R., and Kelly, J. D. 1993. Identification
and potential use of a molecular marker for rust resistance in common
bean. Theor. Appl. Genet. 85:745-749.

. Murray, M. G., and Thompson, W. F. 1980. Rapid isolation of high-
molecular-weight plant DNA. Nucleic Acids Res. 8:4321-4325.

. Oh, B. J., Gowda, P. S. B., Xu, G.-W., Frederiksen, R. A., and

Magill, C. W. 1993. Tagging acremonium wilt, downy mildew and

head smut resistance genes in sorghum using RFLP and RAPD

markers. Sorghum Newsl. 34:34,

Palma-Carias, A. 1993, Evaluation of horizontal resistance to head

smut Sporisorium reilianum (Kiihn) Langdon and Fullerton in

Sorghum bicolor (L.) Moench. M.S. thesis. Texas A&M University,

College Station.

Paran, 1., Kesseli, R. V., and Michelmore, R. W. 1991. Identification

of RFLP and RAPD markers linked to downy mildew resistance

genes in lettuce by using near-isogenic lines. Genome 34:1021-1027.

Paran, 1., and Michelmore, R. W. 1991. Development of reliable

PCR-based markers linked to downy mildew resistance genes in

lettuce. Theor. Appl. Genet. 85:985-993.

Quiros, C. F., Hu, J., This, P., Chevre, A. M., and Delseny, M.

1991. Development and chromosomal localization of genomic-specific

markers by polymerase chain reaction in Brassica. Theor. Appl. Genet.

82:627-632.

Reiter, R. S., Williams, J. G. K., Feldmann, K. A., Rafalski, J. A.,

Tingey, S. V., and Scolinik, P. A. 1992. Global and local genome

mapping in Arabidopsis thaliana by using recombinant inbred lines

and random amplified polymorphic DNA. Proc. Natl. Acad. Sci.

USA 89:1477-1481.

Ritter, E., Debener, T., Barone, A., Salamini, F., and Gebhardt,

C. 1991. RFLP mapping on potato chromosomes of two genes con-

trolling extreme resistance to potato virus X (PVX). Mol. Gen. Genet.

227:81-85.

Ronald, P. C., Albano, B., Tabien, R., Abenes, L., Wu, K.-S.,

McCouch, S., and Tanksley, S. D. 1992. Genetic and physical analysis

of the rice bacterial blight disease resistance locus, Xa2l. Mol. Gen.

Genet. 236:113-120.

Saghai-Maroof, M. A., Soliman, K. M., Jorgensen, R. A., and Allard,

R. W. 1984, Ribosomal DNA spacer-length polymorphisms in barley:

Mendelian inheritance, chromosomal location, and population

dynamics. Proc. Natl. Acad. Sci. USA 81:8014-8018.

Sambrook, J., Fritisch, E. F., and Maniatis, T. 1989. Molecular

Cloning: A Laboratory Manual. 2nd ed. Cold Spring Harbor Labora-

tory, Cold Spring Harbor, NY.

Tanksley, S. D., Young, N. D., Paterson, A. H., and Bonierbale,

M. W. 1989. RFLP mapping in plant breeding: New tools for an

old science. Bio/ Technology 7:257-264.

Williams, J. G. K., Kubelik, A. R., Livak, K. J., Rafalski, J. A.,

and Tingey, S. V. 1990. DNA polymorphisms amplified by arbitrary

primers are useful as genetic markers. Nucleic Acids Res. 18:6531-

6535.

Xu, G.-W., Magill, C. W, Schertz, K. F., and Hart, G. E. A RFLP

linkage map of Sorghum bicolor (L.) Moench. Theor. Appl. Genet.

(In press.)

Vol. 84, No. 8, 1994 833



