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Abstract. Molecular markers [random amplified 
polymorphic DNA (RAPD) and restriction fragment 
length polymorphism (RFLP)] were used to determine 
the frequency of DNA polymorphism in grain sor- 
ghum (Sorghum bicolor (L.) Moench). Twenty-nine 
oligonucleotide primers were employed for RAPDs, 
generating a total of 262 DNA fragments, of which 145 
were polymorphic in at least one pairwise comparison 
between 36 genotypes. Individual primers differed 
significantly in their ability to detect genetic polymor- 
phism in the species. The overall frequency of polymor- 
phisms was low with a mean frequency of 0.117 poly- 
morphisms per RAPD band being obtained from all 
pairwise comparisons between genotypes, with maxi- 
mum and minimum values of 0.212 and 0.039, respect- 
ively. Results from phenetic analysis of bandsharing 
data were consistent with current sub-specific group- 
ings of the species, with clusters of Durra, Zerazera, 
Caud-Nig, Caud-Kaura and Caffrorum being discern- 
ible. The results also indicated that individuals of a 
similar taxonomic grouping but different geographic 
origin may be genetically less identical than previously 
considered. Similar frequencies of polymorphism to 
that obtained with RAPDs were obtained with RFLPs. 
Results from these experiments indicated that a high 
level of genetic uniformity exists within S. bicolor. 
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Introduction 

The application of molecular markers in plant; breed- 
ing programs will facilitate the improvement of many 
crop species (Paterson 1991; Tanksley 1989). There are 
two genetic marker systems based on the direct analy- 
sis of DNA that are in common use in genetic im- 
provement programs in plants. These are restriction 
fragment length polymorphisms (RFLPs; Beckmann 
and Soller 1983) and random amplified polymorphic 
DNA (RAPD) markers (Williams et al. 1990). Most 
applications of molecular markers in plants have so far 
utilized RFLPs, and several high density genetic maps 
have been developed for many important crop species 
(Paterson et al. 1991). In addition, RFLPs have been 
used for obtaining markers linked to important ag- 
ronomic traits and to study plant phylogenetics and 
evolution (Paterson et al. 1991). Recently, many of 
these important applications of DNA markers have 
also been undertaken using RAPD with greater con- 
venience and speed than with RFLPs (Williams et al. 
1990, 1991; Welsh et al. 1991; Klein-Lankhorst et al. 
1991; Carlson et al. 1991; Martin et al. 1991; Michel- 
more et al. 1991). 

The ease with which a genetic map can be develop- 
ed and applied to a target crop species depends on the 
genetic complexity of the species and the extent of 
DNA polymorphism present in the species. Some plant 
species, such as maize (Smith 1988), potato (Gebhardt 
et al. 1989) and Brassicas (Figdore et al. 1988) exhibit a 
high degree of DNA polymorphism even within corn- 
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mercially exploitable germ plasm pools (Lee et al. 1989; 
Dudley et al. 1991; Messmer et al. 1991; Melchinger 
1991). However, other plants such as soybean (Apuya 
et al. 1988; Keim et al. 1989) and tomato  (Miller and 
Tanksley 1990) exhibit relatively low frequencies of 
RFLPs. Thus, the first step in developing genetic maps 
with DNA markers has been to examine the frequency 
of DNA polymorphism within species and to identify 
suitable parents showing sufficient D N A  polymor- 
phism for efficient mapping. Genetic mapping in gen- 
etically monomorphic  species has usually been 
achieved by using wide crosses between highly diver- 
gent parental genotypes, sometimes even using differ- 
rent species (Paterson et al. 1991). The low frequency of 

DNA polymorphism within a species can also limit the 
utilization of mapped DNA markers in crosses that are 
of agronomic importance, but involve more genetically 
monomorphic  parents. For these reasons it is import- 
ant to establish the frequency of DNA polymorphism 
within a species before engaging in a plant improve- 
ment program using molecular markers. 

Grain sorghum is grown as a dryland crop in 
sub-tropical and tropical Australia and many other 
regions in the world. In Australia, important  objectives 
for plant breeding programs are increased resistance to 
drought, midge, lodging and leaf diseases, and high 
grain yield (Henzell 1992). The application of molecu- 
lar markers may enhance this breeding effort, particu- 

Table 1. A list of the S. bicolor genotypes used for the DNA polymorphism investigation 

Code Genotype a Important agronomic trait Group ~ Origin/source d 

1. Dabar* High osmotic adjustment (OA) b 38: Caud-Kaflr Sudan 
2. Kulum* Moderate OA 39: Caud-Nig Sudan 
3. CSM63 Low OA 3: Consp Mall 
4. CSM387" High OA 3: Consp Mali 
5. SC29C* Moderate OA 41: Durra Ethiopia 
6. SC31C* High OA 41: Durra Ethiopia 
7. SC33C* Moderate OA 41: Durra Ethiopia 
8. SC36C* Moderate OA 41: Durra Ethiopia 
9. SC56C Non-senescence, deep roots 39: Caud-Nig Sudan 

10. SC402 Moderate OA 34: Caud-Kaura Nigeria 
11. R9188' Moderate non-senescence Nig/Nig-Bicolor Sudan 
12. Tx2813" Moderate midge resistance 39(1): Zerazera (derivative) USA 
13. QL27* Low-level non-senescence, low OA 34: Caud-Kaura (derivative) Australia 
14. B1877" High-level non-senescence Nig/Durra/Docline (derivative) USA 
15. QL12* Moderate non-senescence 34: Caud-Kaura (derivative) Australia 
16. TAM422* High OA 51: Subgi-Milo (derivative) USA 
17. KS4* Senescent, high yield 22: Caffrorum USA 
18. ES7 +* Drought resistance F 1 hybrid USA 
19. 40019 Drought resistance Unknown complex Australia 
20. QL39 High-level midge resistance Complex Australia 
21. QL41 High-level non-senescence Durra/Complex (derivative) Australia 
22. AF28* High-level midge resistance 30 (2): Nig-Guin Brazil 
23. Tx635 Human food type 39(1): Zerazera (derivative) India/USA 
24. SC35C* High non-senescence 41: Durra Ethiopia 
25. M35-1" Drought resistance, food type 41: Dura India 
26. SC173C* Low-level midge resistance, high yield 39 (1): Zerazera Ethiopia 
27. SC108C* High-level midge resistance, high yield 39 (1): Zerazera Ethiopia 
28. Short Kaura* Yellow endosperm, non-senescent 34: Caud-Kaura Nigeria 
29. SC165C* Moderate midge resistance 39: Caud-Nig Nigeria 
30. SC170" High yield 39(1): Zerazera Ethiopia 
31. IS12736" Dessication susceptibility 2: Roxburgha China 
32. 1S13590" Dessication resistance 33: Caudatum Uganda 
33. IS183" High temperature resistance 22: Caffrorum Africa 
34. SA281 (Early Hegari) 38: Caud-Kafir USA 
35. Tx2737" Greenbug resistance 34: Caud-Kaura USA 
36. QL38 High-level midge resistance Complex Australia 

a All genotypes were assessed for RAPDs whilst those marked * were also assessed for RFLPs 
b Ludlow and Muchow (1990) 

Murty et al. (1967) 
d Genotypes whose source is either the USA or Australia are either of unkown geographic origin or are derivatives of a breeding 
program 
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Number Code" Primer Bands scored Mean b 
5' to 3' 

Polymorphic Monomorphic Total 1 - F 

1 H02 TCGGACGTGA 9 4 13 0.153 
2 H03 AGACGTCCAC 7 5 12 0.104 
3 H04 GGAAGTCGCC 8 3 11 0.210 
4 H05 AGTCGTCCCC 5 7 12 0.065 
5 H06 ACGCATCGCA 4 5 9 0.109 
6 H07 CTGCATCGTG 6 4 10 0.147 
7 H08 GAAACACCCC 6 3 9 0.138 
8 H09 TGTAGCTGGG 7 3 10 0.213 
9 H 11 CTTCCGCAGT 6 4 10 0.150 

10 H12 ACGCGCATGT 7 4 11 0,126 
11 H 13 GACGCCACAC 5 2 7 0,204 
12 H14 ACCAGGTTGG 7 5 12 0,120 
13 T02 GGAGAGACTC 6 4 10 0.149 
14 A01 CAGGCCCTTC 4 4 8 0.158 
15 A04 AATCGGGCTG 4 5 9 0.057 
16 A05 AGGGGTCTTG 1 9 10 0.003 
17 A06 GGTCCCTGAC 5 4 9 0.099 
18 A08 GTGACGTAGG 2 3 5 0.100 
19 A 11 CAATCGCCGT 4 4 8 0.116 
20 A 17 GACCGCTTGT 4 3 7 0.111 
21 A20 GTTGCGATCC 1 3 4 0.059 
22 No. 2 TGAGTCACCG 8 2 10 0.134 
23 No. 5 TCCGTCTAGC 4 2 6 0.092 
24 G TCGTTAGCCAA 2 4 6 0.077 
25 Y TCTCGATGCA 1 7 8 0.014 
26 K02 CCGAATTCGCC 7 4 11 0.155 
27 K04 ACTCAGCATG 3 5 8 0.091 
28 K05 GCTTCGATACG 4 2 6 0.133 
29 K19 AGTTCAGGC 8 3 11 0.178 

Total bands 145 117 262 

" Primers 1-21 are Operon Technologies catalog, numbers 22-29 are CSIRO primer bank numbers 
b Mean of the 1 - F value (see text) from pairwise comparisons of 36 genotypes 

larly for traits such as midge resistance and  drought  
resistance, for which screening is difficult, At present, 
there is no published genetic map of sorghum incor- 
pora t ing  D N A  markers,  but  mapp ing  projects are 
underway (Hulbert  et al. 1990; G o d w i n  et al. 1992). 
The future success of using mapped  R F L P  and  R A P D  
markers  in breeding programs will greatly depend on 
the degree of genetic var ia t ion in the germ plasm under  
investigation. At present, there is very little informa- 
t ion available on  genetic diversity within S. bicoIor, and  
n o  comprehensive survey has been reported. In  this 
investigation, we have screened 36 genotypes of diverse 
origin for their frequency of D N A  polymorphism using 
RAPDs  and  RFLPs .  This popu la t ion  includes geno- 
types carrying traits of agronomic  importance,  and  the 
in format ion  on D N A  polymorphisms  presented pro- 
vides an  essential basis on  which to p lan  future marker-  
facilitated breeding programs.  

Materials and methods 

Plant material 

A total of 36 genotypes were used (Table 1). These genotypes 
were chosen because they represent a wide range of geographic 
origin, a range of sub-specific taxonomic groups, a range of 
agronomic characteristics and material under development in 
the Australian and North American plant breeding programs. 
Plants were grown in a glasshouse, and leaves were removed for 
DNA analysis at about 5 weeks after emergence. 

RAPD analysis 

DNA for polymerase chain reaction (PCR) analysis was isolated 
by the method of Sharp et al. (1989). A total of 30 oligonucleotide 
primers were used (Table2). These were mainly 10-base 
oligonucleotides with some 11- and 9-base primers also included. 
The oligonucleotides were obtained either from Operon Tech- 
nologies (Alameda, Calif.) or from the Queensland InLstitute of 
Medical Research (Brisbane, Australia). Amplification reactions 
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were carried out in a 25 gl volume containing 67 mM TRIs-HCI 
(pH 8.8), 16.6mM (NH4)2SO 4, 0.45% (v/v) Triton-X-100, 
2001ag/ml gelatine, 3.5mM MgC12, 125/aM dNTPs, 0.2gM 
primer, 25-50 ng genomic DNA and 1.4 units of Taq polymerase 
(Biotech Int, Australia). Reactions were performed in a Perkin 
Elmer-Cetus thermal cycler programmed for 40 cycles of 1 min at 
94 ~ I min at 37 ~ and 2 min at 72 ~ Amplification products 
were analyzed by electrophoresis in 1.3~ agarose gels using TAE 
buffer and visualized by staining with ethidium bromide. 

RFLP analysis 

DNA extractions, restriction enzyme digests, electrophoresis, 
alkaline blotting to nylon membranes, DNA probe preparation 
and labelling, hybridization and autoradiography were all car- 
ried out as described previously (Sharp et al. 1989) with the 
following modifications: Hybond N + was used as a membrane, 
the concentration of sodium dodecyl sulphate (SDS) in the wash 
buffer was 0.5% (w/v) and plasmid inserts were amplified by PCR 
using forward and reverse sequencing primers (New England 
Biolabs, USA). The DNA probes used included maize probes 
from the maize RFLP map kindly supplied by Drs. B. Burr 
(Br0okhaven Natl Laboratory, USA) and E. Coe (University of 
Missouri, USA). Probe pTA71 (Gerlach and Bedbrook 1979) 
containing a wheat ribosomal DNA repeat unit (rDNA) was 
obtained from Dr. W. Gerlach (CSIRO, Plant Industry, Can- 
berra, Australia). The cDNA clones, M3 and B19, were kindly 
provided by Dr. P. Chandler (CSIRO, Plant Industry, Canberra, 
Australia) and represent dehydrin (dehydration-induced pro- 
tein) sequences (Close et al. 1989) of the maize dhn gene and the 
barley dhn4 gene, respectively. 

Analysis of banding patterns 

For both RAPD and RFLP analysis the fraction of bands (F) in 
common between two genotypes was estimated using the for- 
mula of Nei and Li (1979), i.e. F = 2M~y/Mx + My, where M~y 
was the number of bands shared by two genotypes and M, and 
My were the numbers of bands in each genotype. The SAS 
(Similarity Analysis System) program was used for cluster analy- 
sis of the dissimilarity values (1 - F). The McQuitty procedure of 
SAS, based on the unweighted pair group method with arith- 
metic mean (UPGMA) and the Proc Tree procedure of SAS were 
used to produce a phenogram. Phenetic analysis of bandsharing 
data was chosen in preference to a cladistic clustering analysis 
because it makes no assumptions on the molecular basis of the 
genetic polymorphism. 

Resu l t s  

R A P D  analysis 

In i t i a l ly  five i nd iv idua l  p lan t s  of  each  g e n o t y p e  
(Tab le  1) were  a s sayed  for  R A P D s  us ing  4 pr imers .  N o  
p o l y m o r p h i s m s  were  de t ec t ed  b e t w e e n  ind iv idua l s  

wi th in  a geno type .  T h e  D N A  samples  f r o m  five indi -  

v idua l s  o f  each  g e n o t y p e  were  then  p o o l e d  for  a l a rger  
scale s tudy.  Subsequen t ly ,  30 P C R  p r imer s  o f  a r b i t r a r y  

sequences  were  tes ted  on  36 g e n o t y p e s  of  s o r g h u m  
(Tables  1 a n d  2). All  o f  the  30 p r imer s  tes ted  excep t  1 

Fig. 1. Ethidium bromide-stained agarose gel of PCR products from DNA samples of 36 sorghum genotypes generated using primer 
H08. The window of gel length over which the bands were scored is indicated on the right. Positions of the bands are indicated on the left 
from top (T) to bottom (B) of the window. The presence ( + ) or absence ( - )  of each particular band in each lane (in descending order from 
T to B) is indicated below: 

Lane number 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

- + + - - §  
+ - - + + -  
- - - + + §  
+ + + - + -  
+ + + + + +  

+ + + + + §  
+ + + + + +  
+ + + + §  

+ - + +  + +  T 
+ -  + + + + + + + + -  + -  + + + + + + + + + + + + + + + + + 
+ + + -  + +  + + + - + -  + + +  + + + + +  + + - +  + -  
+ _ _ + + + _ _ + - + - - + + - + + + - + + Scored 
+ + + + + + + + + - + + + + + + + + + + + + + + + + + + + + bands 

+ + -  
+ + + + + + -  + + + + + + + + + + -  + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + § + + + + + + + + + + + + + + + + + B 
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(Operon primer T10 with sequence CCTTCGGAAG) 
successfully amplified DNA fragments from sorghum 
DNA samples (Table 2). A total of 262 fragments were 
visualized across all 36 genotypes of sorghum inves- 
tigated, and each primer produced aproximately eight 
to nine intensely staining fragments from each geno- 
type (Fig. I). Bands of high (> 2 kb) and low (<  0.2 kb) 
molecular weight were not scored because they could 
not be reproducibly amplified in replicate experiments. 
An example of the gel window and bands scored is 
shown in Fig. 1. Among the 262 fragments, 145 were 
polymorphic in at least one pairwise comparison be- 
tween sorghum genotypes, and the remaining 117 were 
monomorphic. 

The number of polymorphic fragments generated 
by specific primers varied from 1 to 9. Pairwise com- 
parisons were made between all the 36 genotypes with 

the 29 primers, and the average 1 - F values obtained 
with each primer were calculated. This provided an 
indication of the degree of genetic polymorphism de- 
tected by each primer (Table 2). There was consider- 
able variation in the ability of individual primers to 
detect genetic polymorphism, and 1 - F values ranged 
from 0.003 up to 0.213. The primers which detected the 
greatest amount of polymorphism (primers nos. 3, 8 
and 11; Table 2) did not show any sequence homology 
or complementarity. 

Similarity between sorghum 9enotypes assessed 
by RAPDs 

The 1 - F va lues  obtained for each pairwise compari- 
son of RAPD bands among the 36 genotypes are 
shown in Table 3. The m e a n  1 -  F va lue  f rom all  of 

61 O! d I 61 d I d I d I d I d I d I d I 61 d I d I d I 61 61 d I d I 
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7 25 
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- -  26 { 

Fig. l Phenogram of 36 sorghum genotypes based on RAPD data 

CSM387 3. Consp, Mali 

SA281 38. Caud-Kafir, Sudan 
AF28 30(2). Nig-Guin, Brazil 
M35-I 41. Durra, India 

IS12736 2. Roxburgha, China 

Kulum 39. C.aud-Nig, Sudan 

SCS6C 39. C.aud-Nig, Sudan 
Dabar 38. Caud-Kafir, Sudan 

SC31C 41. Durra, Ethiopia 
SC29C 41. Durra, Ethiopia 

SC36C 41. Durra, Ethiopia 
SC33C 41. Durra, Ethiopia 
SC35C 41. Durra, Ethiopia 
Tx2.813 39(1). Zerazera, USA 

QL27 34. Caud-Kaura, Australia 

IS13590 33. Caudatum, Uganda 

SC165C 39. Caad-Nig, Nigeria 

SC170 39(1). Zerazera, Ethiopia 
SC173C 39(1). Zerazera, Ethiopia 

SC108C 39(1). Zerazera, Ethiopia 
CSM63 3. Consp, Mall 

QL39 Complex, Australia 

QL38 Complex, Australia 

B1887 Nig/Durra/Docline, USA 

QL41 Durra/Complex, Australia 

17,9188 Nig/NIG-Bicolor, Sudan 

SC402 34. Caud-Kaura, Nigeria 

Tx635 39(1). Z~razera, India/USA 
40019 Complex, Australia 

Tx2737 34. Caud-Kaura, USA 

QL12 34. Cand-Kaura, Australia 
Short Kaura 34. Caud-Kaura, Nigeria 
KS-4 22. Caffrorum, USA 

IS183 22. Caffromm, Africa 

TAM422 51. Subgi-Milo, USA 
EST:t- FI hybrid, USA 



these comparisons was 0.117. The highest 1 - F value, 
0.212, was observed between the genotype CSM387 
(group3: Consp) and genotype SA281 (group38: 
Caud-Kaffir). The genotype CSM387 showed high 
1 - F values (mean 1 - F is 0.166) when compared to 
all of the other genotypes (mean 1 - F  value is 0.117) 
and appeared to be the most divergent genotype. The 
lowest 1 -  F value recorded was 0.039 and was ob- 
served between genotypes SC108C and SC170, which 
are from the same Zerazera group and both originate 
from Ethiopia. 

Cluster analysis of the 1 - F data shown in Table 3 
was carried out using the U P G M A  method and result- 
ed in the phenogram shown in Fig. 2. The highly 
divergent nature of the genotype CSM187 is clearly 
shown on this phenogram. The remaining genotypes fit 
into two major sub-groups (3 and 4 in Fig. 2) the root of 
which is indicated at point 2 in Fig. 2. The composition 
of these sub-groups is highly heterogeneous, but some 
distinct clusters consistent with established classifica- 
tion and geographic origin can be discerned. Within 
sub-group 3, cluster 10 contains 2 Caud-Nig genotypes 
from the Sudan, but this cluster omits another Caud- 
Nig genotype (SC165C) from another geographical 
region, Nigeria. Cluster 22 contains all of the Ethiopian 
Durra genotypes, but omits the Durra genotype from 
India (M35-1). This Indian genotype shows the 
greatest similarity to genotype IS12736 (cluster 24), 
which is the only other genotype of Asian origin tested. 
The Ethiopian Zerazera genotypes formed a cluster of 
high genetic similarity (cluster 34). Two Australian 
developed cultivars (QL38 and QL39), which have the 
same ancestor in their pedigree, were clustered (clus- 
ter 30). Sub-group 3 contained all of the Durra and 
Zerazera genotypes and other lines derived from these 
important groups. In sub-group4, two clusters of 
known taxonomic groups were identified. Cluster 9 
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contained 3 Caud-Kaura genotypes although 1 Caud- 
Kaura genotype (SC402) remained unclustered and 
was present in sub-group 3. Cluster 26 contained 2 
genotypes of Caffrorum designation. In general, the 
cluster analysis is consistent with previous taxonomic 
grouping, but some significant exceptions were present. 
The most striking discrepancy was between CSM387 
and CSM87, which were previously classified in the same 
group and have the same geographic origin in Mali. 

R F L P  analysis 

A total of 27 genotypes (Table 1) were assessed for 
RFLPs using 11 heterologous probes originating from 
either maize, barley or wheat (Table 4). All of these 
DNA probes detected single (Fig. 3) or low numbers of 
bands. The barley dehydrin cDNA (B 19) hydridized to 
up to five bands, suggesting a multi-gene family. 

Three restriction enzymes, viz. HindIII, EcoRI, 
BamHI, were used to detect RFLPs. From the total of 
33 probe-enzyme combinations used, 43 bands were 
observed, and 9 probe-enzyme combinations detected 
RFLP. Of the probes 4 were monomorphic in all 27 
genotypes with all three enzymes. Mean 1 - F values 
for the DNA probes detecting polymorphism varied 
from 0.041 to 0.261 when all probe-enzyme combina- 
tions were included. The mean 1 - F value obtained for 
33 probe-enzyme combinations in all pairwise com- 
parisons of the 27 genotypes was 0.153. This mean 
1 - F value from RFLPs (0.153) is slightly higher than 
that obtained from RAPDs (0.126) for the same 27 
genotypes. However, a total of only 43 fragments were 
produced from the RFLP analysis compared to 262 
fragments from the RAPD analysis. The small number 
of bands detected and the corresponding low number 
of RFLPs precluded a meaningful cluster analysis of 
the genotypes. 

Table 4. A list of RFLP probes hybridized with 27 sorghum genotypes after BamHI, EcoRI and HindII digestion 

Probe Source Useful enzyme(s) a Number of bands b Mean 1 - F 

pTa71 Wheat rDNA clone BamHI 5 0.041 
M3 Maize dehydrin g e n e  BamHI/HindIII 4 0.261 
B 19 Barley dehydrin gene HindIII 7 O. 197 

BNL8.29 Maize genomic DNA EcoRI 4 0.166 
BNL9.11 Maize genomic DNA BamHI 3 0.081 
UMC44 Maize geno.mic DNA EcoRI/HindlI 3 0.243 
UMC55 Maize genomic DNA HindlII 5 0.241 
UMC76 Maize genomic DNA 3 0 
UMC94 Maize genomic DNA - 3 0 
UMC137 Maize genomic DNA 3 0 
BNL7.71 Maize genomic DNA 3 0 

a Enzymes which produced RFLPs 
b Total bands observed from hybridization of each probe to DNA samples from the 27 genotypes restricted with 
c Values were calculated on the basis of data obtained from all of the probe-enzyme combinations 

all three enzymes 
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Fig. 3. Polymorphisms in S. bicoIor revealed by hybridization of 
maize genomic DNA clone UMC44 to BamHI-restricted DNA 
from 27 sorghum genotypes (Table 1). The bottom rioht three 
lanes were not included in this survey 

To provide a more significant comparison of the 
ability of RFLPs and RAPDs to detect DNA polymor- 
phisms in sorghum, 2 genotypes (QL27 and TAM422) 
were closen for a detailed comparison with a greater 
number of RFLP probes. These 2 genotypes were from 
the distinct sub-groups 3 and 4 in the RAPD classifica- 
tion (Fig. 2) and were of interest to us because they 
differ substantially in the important physiological trait 
of osmotic adjustment (Ludlow and Muchow 1990) 
and represent potential parents for studying the in- 
heritance of this trait. An additional 18 RFLP probes 
from the maize RFLP map (University of Missouri, 
Columbia) were used to compare these two genotypes, 
making a total of 29 DNA probes. The same restriction 
enzymes were used to test for RFLPs, resulting in a 
total of 87 probe-enzyme combinations. From the 29 
probes tested with each enzyme, 4, 3 and 4 probes 
detected RFLPs with BamHI, EcoRI and HindIII, 
respectively, indicating that there was no preference for 
any enzyme to detect polymorphism. A total number of 
106 fragments were included in this comparison of 2 
genotypes, and a 1 -  F value of 0.103 was obtained. 
This value obtained with RFLPs compares favorably 
with the value of0.113 obtained with RAPDs (Table 3). 

Discussion 

The genotypes studied in this work represent germ 
plasm with important agronomic characteristics for 
potential commercial exploitation. The incorporation 
of some of these traits into elite commercial lines could 

be enhanced by the application of molecular markers. 
However, solving the initial problem of locating a 
molecular marker linked to a trait and, secondly, being 
able to detect the marker in other genetic backgrounds 
depends upon the degree of genetic polymorphism 
within the germ plasm to be exploited. Even though 
our investigation included a number of genotypes of 
wide taxonomic distinction within the species, only a 
low level of genetic polymorphism was detected when 
compared to that observed in some other crop species, 
e.g. maize. Future programs aimed at using molecular 
markers in sorghum will need to take this level of 
genetic variation into consideration. 

In associated work analyzing the heritability of 
RAPDs and osmotic adjustment in an F 2 population 
of a cross between the genotypes QL27 and Tam422, 
we have demonstrated that RAPD bands, which are 
polymorphic in the parent, are inherited as dominant 
genetic markers (Y. Tao, unpublished data). Due to 
the heritable nature of RAPD markers, it follows that 
the data displayed in Table 3 can be used as a basis for 
the rational calculation of the numbers of primers that 
will need to be used to generate a useful number of 
RAPD polymorphisms either for genetic mapping or 
screening F 2 and backcross families, near-isogenic 
lines (Martin et al. 1991) or bulked segregants (Michel- 
more et al. 1991) for markers linked to traits of interest. 
Obviously, a careful selection of mapping parents 
needs to be made to ensure a high level of genetic 
polymorphism for efficient mapping. From our data, 
the best choice of parents for a intraspecific mapping 
polulation would be the genotypes CSM387 and 
SA281, which differed in 21% of their RAPD bands. 
Because of the dominant nature of RAPD markers 
genetic mapping is best undertaken in a backcross or 
recombinant inbred population rather than in a F 2 
population. However, the low frequency of genetic 
polymorphism in the genotypes tested here suggests 
that a genetic map based solely on RAPD markers 
would not be readily transferred to crosses involving 
other more monomorphic parents. 

The comparison of 1 -  F values obtained with 
specific oligonucleotide primers (Table2) demon- 
strated that oligonucleotide primers differ in their use- 
fulness in detecting DNA polymorphisms within this 
species. This suggests that eventually it may be possible 
to identify a set of primers that target more variable 
parts of the sorghum genome. A collection of such 
'hypervariable' RAPD primers would greatly facilitate 
the application of RAPDs in breeding and may be 
particularly useful for 'DNA fingerprinting' new cul- 
tivars. No clue as to why some primers were more 
useful in detecting polymorphism was obtained in this 
investigation, but further analysis of the amplified 
bands and their target regions in the genome is under- 
way. 
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In this investigation, the frequency of DNA poly- 
morphism detected by RAPD and R F L P  markers was 
found to be similar. This may be because DNA poly- 
morphisms detected on RFLPs  and RAPDs are pro- 
duced by similar processes. Small differences in D N A  
sequence may occur at either the site of cleavage by a 
restriction enzyme for a R F L P  or at the binding site of 
a primer for a RAPD. Alternatively, insertions and 
deletions may occur between these sites. However, the 
molecular basis of RAPD remains to be fully eluci- 
dated. The speed and convenience of RAPD analysis 
permits a larger number of D N A  fragments to be 
compared than is possible with RFLPs.  

With RAPDs it is possible to assess genetic similar- 
ity amongst  a range of genotypes on the basis of band 
sharing. Quantitative phenetic analysis of RAPDs in 
other plant species has produced matrices of genetic 
similarity that are consistent with classifications based 
on morphological and agronomic criteria, e.g. peanut 
(Halward et al. 1991) and Stylosanthes spp. (Kazan 
et al. 1992, 1993). The phenogram produced on the 
basis of RAPDs for the genotypes of sorghum showed 
several consistencies with previous sub-specific taxa 
defined on the basis of morphological criteria. Clusters 
of genotypes corresponding to the recognized Durra,  
Zerazera, Caud-Nig, Caud Kaura  and Caffrorum 
groups were discerned. Interestingly, the RAPD data 
did not cluster an Indian Durra  genotype with the 
Ethiopian Durra  group and a Nigerian Caud-Nig 
genotype with the Sudanese Caud-Nig group. This 
suggests that geographical origin may also have an 
important  effect on the genetic similarity of genotypes 
regardless of apparent  morphological similarities. 
Some genotypes were not clustered within supposedly 
related groups. The most obvious of these apparent  
anomalies was the finding that CSM387 was highly 
divergent from the other genotypes. The reason for the 
level of genetic dissimilarity of this particular genotype 
is not known. With the exception of CSM387, the 
remaining genotypes were clustered into two principal 
groups, 3 and 4. As far as we are aware these two 
groupings, which appear  to separate the Caud-Kaura  
and Caffrorum into sub-group 4 and others into sub- 
group 3, have not been recognized in the past. Clearly, 
there is considerable scope for a more comprehensive 
analysis and perhaps a reassessment of the sub-specific 
taxonomy of S. bicolor using RAPDs. 

It  will be of interest to determine whether genetic 
similarity determined by RAPDs can provide a guide 
to distinguishing heterotic groups of sorghum. Evid- 
ence in maize (Smith and Smith 1989; Stuber 1992) has 
indicated that DNA polymorphism frequency meas- 
ured by RFLPs  strongly correlates with heterotic ef- 
fect. Thus, the matrix of DNA polymorphisms pres- 
ented in Table 3 and Fig. 2 may have potential for 
commercial exploitation in hybrid seed production as 

well as taxonomic significance. 
In summary, the data presented here represent the 

first major  assessment of D N A  polymorphism in S. 
bicolor and further demonstrate the utility of RAPD 
markers for assessing genetic similarity in plants. These 
results will lay the foundation for future research aimed 
at using molecular markers to exploit the useful traits 
of some of the genotypes that we have assessed. 
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