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Abstract. The first "complete" genetic linkage map of 
Sorghum section Sorghum is described, comprised of 
ten linkage groups putatively corresponding to the ten 
gametic chromosomes of S. bicolor and S. propinquum. 
The map includes 276 RFLP loci, predominately de- 
tected by PstI-digested S. bicolor genomic probes, seg- 
regating in 56 F 2 progeny of a cross between S. bicolor 
and S. propinquum. Although prior cytological evi- 
dence suggests that the genomes of these species are 
largely homosequential, a high level of molecular di- 
vergence is evidenced by the abundant RFLP and 
RAPD polymorphisms, the marked deviations from 
Mendelian segregation in many regions of the genome, 
and several species-specific DNA pi:obes. The remark- 
able level ofDNA polymorphism between these species 
will facilitate development of a high-density genetic 
map. Further, the high level of DNA polymorphism 
permitted mapping of multiple loci for 21 (8.2%) DNA 
probes. Linkage relationships among eight (38%) of 
these probes suggest ancestral duplication of three 
genomic regions. Mapping of 13 maize genomic clones 
in this cross was consistent with prior results. Mapping 
of heterologous cDNAs from rice and oat suggests that 
it may be feasible to extend comparative mapping to 
these distantly-related species, and to ultimately 
generate a detailed description of chromosome rear- 
rangements among cultivated Gramineae. Limited 
investigation o f  a small number of RFLPs showed 
several alleles common to S. bicolor and S. halepense 
("johnson-grass"), but few alleles common to S. propin- 
quum and S. halepense, raising questions about the 
origin of S. halepense. 
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Introduction 

Sorghum bicolor (L.) Moench. (sorghum), ranks fifth in 
importance among the world's grain crops, being well- 
adapted to areas with too-little rainfall for growing 
other food and feed grains. Sorghum is a staple food 
crop in parts of Africa and Asia, and a significant feed 
crop in the U.S., where it covers approximately 14 mil- 
lion acres annually, producing a crop valued at $1.2 
billion in 1990 (Agricultural Statistics Board 1991). 
Increasing demand for limited fresh water supplies, 
coupled with global warming trends, indicate that 
dryland crops such as sorghum will become increasing- 
ly important to agriculture in both arid regions and 
more moderate climates. 

The genus Sorghum includes five sections, with 
chromosome numbers ranging from 2 n - 1 0  to 
2n = 40 (Doggett 1988). Sorghum section Sorghum har- 
bors genetic variation in fundamental attributes of 
grain crops as well as grasses, making it valuable for 
the study of a wide range of agriculturally-important 
traits in both. S. bicolor encompasses five cultivated 
"races" and a larger number of wild varieties with a 
center of diversity in eastern central Africa (Doggett 
1976). While S. bicolor is cultivated primarily as a grain 
crop (sorghum), the Asian species S. propinquum 
exemplifies many fundamental attributes of both wild 
and cultivated grasses, notably, small seeds, abundant 
tillering, narrow leaf shape, and well-developed- 
rhizomes. This "rhizomatous" trait is largely respon- 
sible for the tenacity of another, related sorghum, 
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S. halepense (johnson-grass),  which is considered to be 
one of  the most  noxious weeds found in U.S. and world 
agriculture, (Holm et al. 1977; M c W h o r t e r  1989). 

Linkage maps based upon  D N A  markers  are wide- 
ly recognized as essential tools for genetic research in 
many  species. Applicat ion of D N A  markers  to crop- 
improvement  objectives has been described in detail by 
numerous  investigators (see Paterson et al. 1992 for a 
recent review). Likewise, genetic maps  have been utiliz- 
ed to document  comparat ive chromosome arrangement  
in several closely-related crops (Bonierbale et al. 1988; 
Tanksley et al. 1988, 1992; Hulbert  et al. 1990; Gebhardt  
et al. 1991; Binelli et al. 1992; Whitkus  et al. 1992). 

The long-range objective of our  research is to devel- 
op a high-density map  of sorghum, using D N A  
markers. Const ruct ing such a m a p  can be expedited by 
the use of the interspecific cross of S. bicolor x S. 
propinquum which yields viable, fertile F 2 offspring, 
shows normal  chromosome pairing (Doggett  1988), and 
harbors a high level o f D N A  polymorphism. As the gene 
pools of  many  domestic crop species are quite narrow, 
intraspecific crosses often do not  exhibit sufficient 
D N A  polymorph ism to construct  a high-density map. 
While crosses a m o n g  conspecific races or subspecies 
show more  polymorphism,  this po lymorphism may  
not  be uniformly distributed across the chromosomes,  
due to the introgression that  has occurred as a result of 
natural  processes or  designed breeding programs (e.g., 
Stephens et al. 1967; Rosenow and Clark 1987). 

The present results describe a detailed R F L P  map  
of  an S. bicolor x S. propinquum F z populat ion,  linked 
to an estimated 93% of the genome, with markers  
at average spacing of 5.2cM. This m a p  provides 
evidence support ing ancestral duplicat ion of chromo-  
somes or ch romosome  segments in the evolution of 
modern -day  "diploid" (n = 10) sorghums, and casts 
some doub t  on the putative origin of one modern-day  
polyploid,  S. halepense (n = 20), or "johnsongrass".  The 
mapping  popula t ion  utilized in this s tudy is uniquely 
predisposed to the rapid accumulat ion of  markers  
required to ultimately provide plant  breeders and mol- 
ecular geneticists with a high-density map  of sorghum. 

Materials and methods 

Genetic stocks 

A cross was made of S. bicolor cultivar BTx623 x S. propin- 
quum (unnamed accession). The F 1 was made by pollinating a 
single BTx623 plant with pollen from a single S. propinquum 
plant. A single F 1 was verified using two RFLPs, and selfed in the 
greenhouse to produce the F2 progeny used in this experiment. 

DNA extraction, digestion, and blotting 

Young leaves were harvested from both parent plants and 
each of 56 greenhouse-grown F 2 offspring. The material was 

lyophilized and stored at - 80 ~ until grinding. For each DNA 
extraction, 0.5 g of lyophilized tissue was frozen in liquid nitro- 
gen and ground by mortar and pestle. The ground material was 
either extracted immediately or stored at - 8 0  ~ until needed. 
The DNA extraction procedure was modified from a protocol 
developed by Saghai-Maroof et al. (1984). For each sample, 9 ml 
of extraction buffer, [100mM Tris, pH 7.5; 1~ hexadecyltri- 
methyl-ammonium bromide (CTAB); 0.7M NaC1; 10raM 
EDTA, pH 8.0; 1~ fresh 2-mercaptoethanol], were added to 0.5 g 
of ground tissue, incubated for 30 min at 65 ~ and centrifuged 
at 2,700 g for 10 min. The supernatant was extracted twice with 
chloroform/octanol (24:1), and DNA was precipitated by adding 
0.6 vol ice-cold isopropanol. The DNA was then washed in 70% 
ethanol, air-dried to evaporate the ethanol, dissolved in 200 gl of 
TE, and stored at 4 ~ until use. This technique yielded about 
50 100 gg DNA per extraction. 

Approximately 5 gg of DNA per lane was digested with 15 
units of either EcoR1, Hind3, or Xbal, (Promega~), elec- 
trophoresed for 16h at 22V through an 0.8% agarose gel im- 
mersed in 1 x NEB (neutral electrophoresis buffer: 0.1 M Tris, 
12.5 mM sodium acetate, 1 mM EDTA, pH 8.1), and stained in 
ethidium bromide (Sigma) to verify complete digestion. Gels 
were blotted onto Hybond N + (Amersham), using 0.4N 
NaOH. (Reed and Mann 1985). After overnight transfer, blots 
were rinsed in 2 x SSC and stored at 4 ~ until use. 

Probe preparation, hybridization, and autoradiography 

PstI-digested S. bicoIor (cv BTx623) genomic fragments of 
0.5-1.0 kb in length were isolated from a 1.5% agarose prepara- 
tive gel, using the BioRad "Prepagene" kit. Following PstI diges- 
tion and dephosphorylation of the vector, pT7/T3 (Gibco BRL), 
the genomic fragments were ligated to the vector at room tempera- 
ture overnight. The ligation mix was ethanol-precipitated, re- 
suspended in double-distilled H20, and aliquots electroporated 
into E. coli (DH5c 0. White recombinant clones were selected 
from ampicillin plates containing X-gal (Sambrook et al. 1989). 

Genomic inserts were amplified by PCR from bacterial cell 
lystate (McCabe 1990), using M13 forward and reverse primers 
flanking the multiple cloning site in pT7/T3. An aliquot of the 
PCR products was electrophoresed in 1% agarose to verify 
amplification of a single product. Reactions with multiple prod- 
ucts were discarded. PCR products were separated from excess 
reaction components in Sephadex G50 (Sigma) spun-columns, 
(Sambrook et al. 1989). Most candidate probes were screened for 
repetitive elements by hybridizing labelled genomic DNA to 
dot-blots of 20 ng of DNA from each probe. Probes emitting a 
detectable signal after a 48-h exposure were eliminated. About 
20 ng of PCR-amplified fragment was labelled with 10 laCi of 
32p-dCTP, by the random hexamer technique (Feinberg and 
Vogelstein 1983). Hybridization was in 35 x 150ram glass 
bottles containing 5 ml of hybridization buffer, [6 x SSC, 5~ 
Denhardts, 2.5% SDS, (Sigma)], incubated at 65 ~ overnight in 
a hybridization rotisserie (Hybaid). Blots were washed three 
times at 65 ~ in 0.1 x SSC, 0.1% SDS, and autoradiographed on 
Kodak XAR5 film with Spectra L-Plus (Picker International) 
intensifying screens. 

Linkage analysis 

Southern blots ofgenornic DNA from 56 F 2 individuals, digested 
with EcoRI, HindlII, or XbaI, were analyzed with each DNA 
probe that revealed polymorphism on survey blots, Linkage was 

1 The naming ofsuppliers for reagents used in this research in no 
way implies endorsement of these products by the United States 
Department of Agriculture 



assessed using MAPMAKER version 1.0 (Lander et al. 1987) 
for the Macintosh computer (provided by S. Tingey, DuPont 
Co.), run on the Apple Quadra 700. Initial linkage associations 
("group") employed a LOD threshold of 4.0, unusually con- 
servative for a genome of ten chromosomes and approximately 
1500cM, but necessary to avoid spurious associations with 
genomic regions showing severely-distorted segregation (see 
Results). Local ordering of markers ("ripple", see Fig. 1) 
was based on the customary LOD 2.0 difference from alternate 
orders. 

Results 

Level of DNA polymorphism between S. bicolor 
and S. propinquum 

The S. bicolor and S. propinquum parents showed poly- 
morphism for 95% of the low-copy probes surveyed, 
with at least one of three restriction enzymes (EcoRI, 
HindIII, XbaI). Overall, 76% of the probes surveyed 
were polymorphic with EcoRI, 77% with HindlII, and 
83% with XbaI. 

Probes which were polymorpbic with none or all 
three enzymes occurred more frequently than expected, 
while probes polymorphic with one or two enzymes 
occurred less frequently than expected (Table 1). 
In the extreme, if all RFLPs were due mostly to loca- 
lized genomic rearrangements (insertions/deletions), 
one would expect that a given DNA probe would 
detect polymorphism either with no restriction 
enzymes, or with all t h r e e -  whereas if RFLPs are 
largely due to base substitutions in restriction sites, 
polymorphism with one enzyme would be independent 
of polymorphism with others, and "two-enzyme" or 
"three-enzyme" probes would occur at a frequency 
predictable from rates of polymorphism detected for 
each single enzyme. Significant deviation from this 
frequency in our data (Table 1) suggests that localized 
genomic rearrangements (insertions/deletions) con- 

Table 1. The number of restriction enzymes revealing polymor- 
phism between S. bicolor and S. propinquum for low-copy DNA 
probes a 

None Any one Any two All three 
restriction restriction restriction 
enzyme enzymes  enzymes 

Observed 17 23 58 145 
Expected 2 26 96.5 118.5 

)~2 = 134.07, 3 df; deviation is significant (P _< 0.001) 
Only low-copy DNA probes which yielded unambiguous 

results for all three restriction enzymes were included in this 
analysis. Consequently, the numbers presented in this table do 
not add up to the number of probes analyzed (presented in text), 
because of occasional artifacts on autoradiograms 
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tribute to DNA polymorphism between S. bicolor and 
S. propinquum. 

Among the 375 probes surveyed, 337 were low 
copy, and the remaining 38 were repetitive. Among 
these repetitive probes, only four distinct band patterns 
were observed. An additional 46 uncharacterized re- 
petitive elements were eliminated prior to the survey 
(as described in Materials and Methods). 

Of the 337 low-copy probes, 320 (95%) detected 
polymorphism between S. bicolor and S. propinquum. 
However, 85 were deemed unsuitable for mapping, due 
to the presence of too many bands, or bands too close 
in molecular weight to be reliably discerned. 

A few heterologous probes from maize (UMC, 
BNL), rice (RZ), and oat (CDO), were also studied. Of 
29 maize probes successfully surveyed, 25 were poly- 
morphic, and 13 considered suitable for mapping. Of 
the limited surveys done with rice and oat cDNAs, five 
rice and two oat markers were also mapped. 

The high level of DNA polymorphism observed 
with RFLPs is paralleled by a high level of random 
amplified polymorphic DNA (RAPD)-PCR polymor- 
phisms. As part of a related study to be published 
separately, 242 decamers were applied to template 
DNA from BTx406 (an S. bicolor accession which is 
similar to BTx623 for DNA markers), and the S. 
propinquum mapping parent. Among 1513 bands pro- 
duced, 1041 (68.8%) were unique to BTx406 or S. 
propinquum. Assuming that the PCR products derived 
from each RAPD primer represent different loci (Will- 
iams et al. 1990), and that our map of 1445 cM repre- 
sents a 93}/0 coverage of the sorghum genome (see 
below), these bands should provide RAPD-PCR poly- 
morphisms at an average spacing of 1.5cM (i.e., 
1445 cM/1041 bands x 93% coverage) throughout the 
genome. 

Segregation and recombination in F 2 progeny 

The 255 polymorphic probes (235 sorghum and 20 
heterologous) deemed suitable were mapped in 56 F 2 
progeny of the S. bicolor x S. propinquum cross. While 
most loci showed Mendelian segregation ratios, some 
deviated significantly. Across the entire genome, indi- 
viduals were homozygous for the S. bicolor allele over 
an average of 28.6(+_12.5)}/o of the genome, 
homozygous for the S. propinquum allele over 
21.2( +_ 12.5)% of the genome, and heterozygous over 
50.2(_+8.3)% of the genome. Thirteen unlinked 
genomic regions, distributed over seven of the ten 
chromosomes, showed significant deviations from 
Mendelian segregation, with only linkage groups D, E, 
and H free from segregation distortion. Six of the 
thirteen regions showed excess heterozygotes (near 
RZ244 and pSB370 on gp. A; pSB077 on gp. B; pSB041 
on gp. C; pSB641 on gp. F; pSB301 on gp. I; pSB077 on 
gp. B), four showed deficiency of the S. propinquum 
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Fig. 2. Map orders of duplicated loci which 
fall in common regions along linkage groups 
B and H,H and E, and D and I. These 
parallelisms suggest polyploidization events 
in the evolution of the Sorghum genome (see 
Discussion: genome evolution) 

homozygote (near pSB464 on gp. J; pSB352 and 
pSB600 on gp. C; pSBl l5  on gp. I), two showed 
deficiency of the S. bicolor homozygote (near pSB232 
and pSB289 on gp. A), and one showed heterozygote 
deficiency (near pSB122 on gp. G). The most extreme 
case of segregation distortion was pSB352 (gp. C): of 
the 51 individuals which could be scored with certain- 
ty, 41 were homozygous for the S. bicolor allele, ten 
were heterozygous, and none were homozygous for the 
S. propinquum allele. 

A total of 276 segregating loci fell into ten linkage 
groups, putatively corresponding to the ten chromo- 
somes of S. bicolor and S. propinquum. These ten link- 
age groups span a genetic distance of 1445 cM with an 
average of 5.2 cM between markers. Six loci showed 
tenative linkage with particular groups but could not 
be reliably placed within those groups (see Fig. 1). 
Another 12 loci did not show association with any 

group, although eight of these markers did fall into 
three small groups among themselves. Four loci 
showed linkage to no other loci. Assuming that 
markers are distributed randomly across the recom- 
binational length of the genome (an albeit tenuous 
assumption), the map covers about 93~o (258/276) of 
the genome. 

Duplication of  R F L P  loci 

Of the 255 markers mapped, 21 (8.2~) demonstrated 
multiple bands segregating for two (or three, for 
pSB395) separate loci. While many mechanisms of 
DNA sequence duplication are known, linkage rela- 
tionships suggest that some of these duplicated loci 
may be the result of duplicated chromosomes or chro- 
mosomal segments. Among these 21 markers, eight 
(38~o) detected loci which fell into three linked sets, 

Fig. 1. RFLP map ofS. bicoIor x S. propinquum. The map includes 276 loci, comprising ten linkage groups ranging in size from 47.1 to 
248.2 cM, for a total length of 1445 cM. The average distance between markers is 5.2 cM. PstI sorghum genomic clones are denoted by 
pSB- or SHO-; maize genomic clones are labeled UMC- or BNL- ; and rice and oat cDNAs are labeled RZ- and CDO-, respectively. 
Markers with names followed by "*" are specific to the S. bicolor genome, (see Discussion: genome evolution). Markers with names 
followed by a, b, or c correspond to DNA probes which detect polymorphism at more than one locus on the map. The most likely order 
of all markers is presented. Lines to the right of closely-linked markers indicate that alternate marker orders cannot be ruled out at LOD 
2.0, ("ripple" command, MAPMAKER; Lander et al. 1987). The six markers placed immediately underneath linkage groups B, F, I, and 
J are tenatively associated to that linkage group, but could not be mapped to an accurate location within the group. Another eight loci 
fell into three small groups which did not link to the map (pSB057-UMC019; pSB108-pSB541-pSB491-pSB204; and pSB517- 
pSB526b). Finally, four loci (pSB074, pSB305, pSB607b, and UMC134) showed no associations to any other markers 
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duplicated onto common linkage groups (Fig. 2). 
Three linked loci were duplicated homosequentially on 
groups B and H; two linked loci were duplicated on 
groups H and E; and three linked loci were duplicated 
on groups D and I, with one inversion. 

Rapidly-evolving DNA sequences 

Three DNA probes isolated from S. bicolor (BTx623) 
detected no homologous sequences in S. propinquum, 
based on genomic Southern-Nots including digests 
with three different restriction enzymes (EcoRI, Hin- 
dIII, XbaI). These DNA probes mapped as domi- 
nant/recessive markers to different linkage groups 
(designated with * in Fig. 1; pSB378- gp. A, pSB240 
-gp.  H, pSB562- gp. J). These apparent S. bicolor- 
specific elements have been examined in EcoR1, Hin- 
dIII, and XbaI digests from a single accession each of 
the S. bicolor races bicolor, caudatum, durra, guinea, 
and kafir, and from each of the S. bicolor subspecies, 
aethopicum, verticilliflorum, arundinaceum, feterita, 
and virgatum. Two elements (pSB240, pSB562) were 
present in all races and subspecies of S. bicolor, while 
the third (pSB378) was present in all except the race 
guinea accession IS3620C. 

Discussion 

The interspecific cross, S. bicolor x S. propinquum, is 
uniquely well-suited to creating a high-density map of 
sorghum. The 95% rate of RFLPs among single-copy 
DNA probes, and the estimated 93% coverage of the 
genome by the 276 loci, facilitated the assembly of the 
first "complete" genetic map of sorghum, with ten 
linkage groups putatively corresponding to the ten 
gametic chromosomes. This is in contrast to reports of 
lower levels of polymo/phism within S. bicolor (Binelli 
et al. 1992). The marker orders established in this 
interspecific cross should be common to crosses within 
S. bicolor, as cytological evidence indicates homo- 
sequentiality among the chromosomes orS. bicolor and 
S. propinquum (Doggett 1988). The remarkable level of 
DNA polymorphism between S. bicolor and S. propin- 
quum will expedite construction of a high-density map, 
as well as comparative mapping of sorghum and other 
species, since approximately 95% of low-copy DNA 
clones can be mapped. 

The relatively small genome of sorghum (n = 10, 
C = 0.8pg and approximately 750Mbp; Arumuga- 
nathan and Earle 1991), is better suited to physical 
mapping and map-based cloning than the genomes of 
many other cultivated grains or grasses. A high density 
map, in conjunction with a detailed yeast artificial 
chromosome (YAC) library, would permit cloning of 
genes with agricultural or developmental importance 
in sorghum. RFLPs at 5.2-cM intervals, and RAPD- 
PCR polymorphisms at 1.5-cM intervals throughout 

the genome will facilitate high-resolution analysis of 
targeted genomic regions, using near-isogenic lines 
(Martin et al. 1991), or synthetic DNA pools (Giovan- 
noni et al. 1991; Michelmore et al. 1991). Preliminary 
success with the construction ofYACs (R.A.W., A.H.P., 
K.F.S., unpublished data) bodies well for the prospect 
of map-based gene cloning in sorghum. 

Duplication of Sorghum chromosomes or 
chromosome segments? 

A high-density map of S. bicolor • S. propinquum will 
be useful for the study of chromosome evolution. For 
example, 16 duplicated RFLP loci map to common 
regions on three pairs of linkage groups (Fig. 2), sug- 
gesting ancient duplication(s) of sorghum chromo- 
somes or chromosome segments. This supports a 
model of sorghum genome evolution which involves 
some degree of chromosome duplication (Whitkus 
et al. 1992, Model B), and essentially rules out an 
alternative model (Whitkus et al. 1992, Fig. 4, Model 
A) which involves no chromosome (or segment) dupli- 
cation. 

The existence of n = 5 species within the genus 
Sorghum (Doggett 1988), together with cytotaxonomic 
evidence for polyploidy of sorghum (Brown 1943; 
Garber 1944; Kidd 1952; Hadley 1953; Endrizzi and 
Morgan 1955; Sharma and Bhattacharjee 1957; Cel- 
arier 1958; Bennett and Merwine 1966; Tang and Liang 
1988), make it tantalizing, but premature, to suggest 
that sorghum may be derived from a primitive ancestor 
with only five gametic chromosomes. A distinction 
between the hypothesis of a genome-wide duplication 
event, and the alternative hypothesis of one or more 
segmental duplication events, awaits additional evi- 
dence. Further, a satisfactory model should account for 
duplicated probes (of which there are presently 13), 
which cannot be explained by chromosome (or seg- 
ment) duplication. Duplicated loci are widely-distrib- 
uted across the genome, being found on all ten linkage 
groups (Fig. 1). Although there do appear to be "clus- 
ters" of duplicated loci in some chromosomal regions 
(e.g., gp. D, lower end; Fig. 1), an insufficient number 
have been mapped to determine whether or not such 
"clusters" might simply occur by chance. Some du- 
plicated loci may be accounted for by pseudogenes or 
retrotransposon-like duplications, such as one case of 
proximal duplication (pSB443a, b on gp. A; Fig. 1). 
Others may fall in genomic regions which have under- 
gone substantial rearrangement since divergence of 
"homoeologs" though the density of duplicated loci on 
the map is as yet too low to reveal homoeology. 
Substantial rearrangement between putatively "ho- 
moeologous" regions is strongly indicated, since one of 
the putative duplications involves an inversion (gps. D 
and I; Fig. 2), and a second includes an insertion, 
comprised of the third, on one group (H; Fig. 2). 
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The high level of polymorphism between S. bicolor 
and S. propinquum facilitates genetic analysis of an- 
cestral duplications-since the mapping of regions 
involved in such duplications requires that both "ho- 
moeologous" loci detected by a DNA probe exhibit 
RFLPs. Specifically, if the likelihood that a single 
genomic restriction fragment exhibits polymorphism is 
x, then the likelihood that a DNA probe would detect 
polymorphism at two "homoeologous" loci is x 2. For a 
high level of polymorphism per restriction enzyme, x 2 
is close to x. For progressively lower levels of polymor- 
phism, x 2 becomes exponentially smaller than x, so 
that it becomes exponentially more difficult to map 
duplicated loci in crosses exhibiting lower levels of 
DNA polymorphism. Thus, for intraspecifie crosses 
such as have been used in other sorghum maps (Hul- 
bert et al. 1990; Binelli et al. 1992; Pereira et al. 1992; 
Whitkus et al. 1992; G. Hart, personal communica- 
tion), it would be relatively more difficult to identify 
chromosomal or segmental duplications. 

Comparative mappin 9 of Sorghum and other 
Gramineae 

Comparisons of chromosome organization between 
members of the genus Sorghum and other genera can be 
made more informative with the availability of a 
detailed genetic map of Sorghum. The comparative 
organization of maize and sorghum chromosomes has 
been studied by several investigators (Hulbert et al. 
1990; Binelli et al. 1992; Whitkus et al. t992). We map- 
ped only 13 maize clones but, based on information 
from the large number of sorghum DNA clones map- 
ped, we suggest that linkage groups B and C of Whit- 
kus et al. (1992) are part of the same linkage group (our 
group C, Fig. 1). Similarly, we have mapped several rice 
and oat cDNAs (provided by S. Tanksley and M. 
Sorrells), indicating the feasibility of extending com- 
parative genome mapping beyond n = 10 Gramineae 
such as maize, sorghum, and sugarcane, to n = 7 
Gramineae such as wheat, oat, barley, and rye, and 
n = 12 Gramineae such as rice. 

Relationships among species within Sorghum 
section Sorghum 

The occurrence of S. bicolor-specific low-copy probes 
(see Results), reinforces the observed high level of 
polymorphism between S. bicolor and S. propinquum, in 
suggesting that these species have diverged consider- 
ably from their most-recent common ancestor. This 
suggestion is supported by the non-overlapping con- 
temporary geographical distributions of S. bicolor and 
S. propinquum (Doggett 1976), although overlap of 
each species with different parts of the distribution of S. 
halepense might offer a possible means of gene flow. 

We briefly examined the relationship among S. 
bicoIor, S. propinquum, and S. hatepense, or johnson- 

grass (2n = 40). It has been suggested (Doggett 1976) 
that S. halepense may be a polyploid descendant of a 
cross between S. bicolor and S. propinquum. This hy- 
pothesis is reinforced by (1) the natural geographic 
distribution of S. halepense, which lies between and 
overlaps the distributions of S. bicolor and S. propin- 
quum, and (2) the observation that S. propinquum, S. 
halepense, and S. halepense-derived S. almum ("Colum- 
bus Grass") are the only members of the genus known 
to be rhizomatous (Doggett 1976). Seven DNA probes 
mapping to three different linkage groups were applied 
to EcoR1 digests of S. bicolor (BTx623), S. propin- 
quum, and S. halepense (locally-collected johnson- 
grass), These probes revealed 13 restriction fragments 
in S. bicolor, 16 fragments in S. propinquum, and 25 
fragments in S. halepense. A total of 4 (30~) of the 13 S. 
bicolor restriction fragments, each detected by a differ- 
ent DNA probe, were shared with S. halepense, and two 
(15~o) of the S. bicolor restriction fragments were 
shared with S. propinquum. However, only one very 
faint fragment was shared between S. propinquum and 
S. halepense. While we emphasize that the small num- 
ber of loci and accessions examined make these results 
tenative, this may suggest that S. propinquum is a 
highly-polymorphic species, that the contribution of S. 
propinquum to S. halepense is ancient and the RFLPs 
have undergone much divergence, or that S. propin- 
quum may have contributed less to S. halepense than 
was previously thought. A more definitive study is in 
progress. 

Applications of a high-density sorghum map 

A high-density genetic map of sorghum is essential for 
many investigations in transmission genetics. Compre- 
hensive mapping of quantitative trait loci (QTLs) re- 
quires informative markers for all regions of the 
genome (Paterson et al. 1988; Lander and Botstein 
1989). Likewise, a high-density map facilitates marker- 
assisted selection, especially between closely-related 
types, by increasing the probability of finding an in- 
formative polymorphic marker in any particular 
genomic region. High-resolution genetic mapping 
(Paterson et al. 1990), physical mapping, and map- 
based cloning (cf. Tanksley et al. 1992; Paterson and 
Wing 1993) all require DNA markers at short intervals 
along the chromosomes. 

Integration of existing maps of sorghum has been 
facilitated by the mapping of partly-overlapping sets of 
maize clones in different populations (Hulbert et al. 
1990; Binelli et al. 1992; Pereira et al. 1992; Whitkus 
et al. 1992; G. Hart, personal communication). Ex- 
change of a small number of DNA probes can provide 
a "coarse-level" integration sufficient for many pur- 
poses. In this regard, we have recently exchanged two 
clones from each of our linkage groups for two from 
each linkage group of an S. bicotor "BTx623" x S. 
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bieolor "IS3620C" m a p  (being m a d e  by  G. H a r t  and  
colleagues) to facil i tate in tegra t ion  of interspecific and  
intraspecif ic  so rghum maps.  

The S. bicolor x S. propinquum R F L P  m a p  p ro -  
vides va luable  in fo rmat ion  regard ing  bo th  t rans-  
miss ion  genetics and  evo lu t iona ry  genetics, and  will 
a id  in m a p p i n g  Q T L s  associa ted  with the divergence of  
gra in  so rghums  from grassl ike relatives. Moreover ,  a 
deta i led  m a p  of  D N A  marke r s  is a va luable  l ink be- 
tween the discipl ines of classical  p lan t  b reed ing  and  
molecu la r  b iology,  with m a n y  po ten t ia l  app l i ca t ions  
for the i m p r o v e m e n t  of so rghum and  re la ted  species, 
ranging  f rom marker -ass i s t ed  select ion to m a p - b a s e d  
cloning. 
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