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Abs t r ac t  The phylogenetic relationships of the genus 
Sorghum and related genera were studied by sequencing 
the nuclear ribosomal DNA (rDNA) internal transcribed 
spacer region (ITS). DNA was extracted from 15 Sorghum 
accessions, including one accession from each of the sec- 
tions Chaetosorghum and Heterosorghum, four accessions 
from Parasorghum, two accessions from Stiposorghum, 
and seven representatives from three species of the section 
Sorghum (one accession from each of S. propinquum and 
S. halepense, and five races of S. bicolor). The maize (Zea 
mays) line, H95, and an accession from Cleistachne sor- 
ghoides were also included in the study. Variable nucleo- 
tides were used to construct a strict consensus phyloge- 
netic tree. The analyses indicate that S. propinquum, S. 
halepense and S. bicolor subsp, arundinaceum race aethi- 
opicum may be the closest wild relatives of  cultivated sor- 
ghum; Sorghum nitidum may be the closest 2n=10 relative 
to S. bicolor; the sections Chaetosorghum and Heterosor- 
ghum appear closely related to each other and more closely 
related to the section Sorghum than Parasorghum; and the 
section Parasorghum is not monophyletic. The results also 
indicate that the genus Sorghum is a very ancient and di- 
verse group. 
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Introduction 

The current classification of the genus Sorghum includes 
five sections, Sorghum (or Eusorghum), Parasorghum, 
Chaetosorghum, Heterosorghum, and Stiposorghum (Gar- 
ber 1950). The section Sorghum includes cultivated sor- 
ghum (S. bicolor) and its close relatives ranging through 
Africa and Asia. Parasorghum includes about ten species 
found in the eastern hemisphere and central America. 
Chaetosorghum and Heterosorghum are monotypic and 
are found in the Australo-Pacific region. Stiposorghum 
consists of  five species found in northern Australia. Ge- 
nomic chromosome numbers of  the Sorghum species vary 
from n=5 to n=20 

The genus Cleistachne (2n=36), distributed in the trop- 
ical eastern African and western Indian regions, has been 
considered a sister genus to Sorghum, both belonging to 
the supergenus Sorghastrae (Garber 1950). Maize (Zea 
mays, 2n--20) is an important cereal crop which has the 
same chromosome number as S. bicolor. Most maize RFLP 
probes cross hybridize to sorghum and genetic maps of the 
two species share large regions of colinearity (Hulbert et 
al. 1990; Whitkus et al. 1992; Melake Berhan et al. 1993). 

Recently-developed molecular genetic techniques have 
provided a powerful means to reveal phylogenetic relation- 
ships among species. By studying restriction-site variation 
in the chloroplast of  Sorghum species, Duvall and Doebley 
(1990) raised some doubt on the monophyly of the section 
Parasorghum and suggested that the genus Sorghum may 
be either paraphyletic or polyphyletic. Their data also sug- 
gested that Cleistachne sorghoides is closely related to 
some Sorghum species. 

Ribosomal DNA (rDNA) is well-suited for a broad 
range of phylogenetic studies (Hamby and Zimmer 1992) 
because the different components of rDNA vary in their 
degree of conservation. The three ribosomal gene subunits 



are very conservat ive throughout  organisms,  both in their 
length and their nucleot ide sequences,  and are useful  in 
phylogenet ic  analyses at broad levels. The internal  tran- 
scribed spacer regions (ITS) are more divergent  in their 
nucleot ide sequences.  The intergenic spacer (IGS) is most 
variable, and polymorphisms in nucleotide sequence as 
well as in length, can often be foffnd within species (Ap- 
pels and Dvorak 1982; Saghai-Maroof  et al. 1984). Hamby 
and Z immer  (1992) used sequences of the 17s gene in phy- 
logenetic studies on the 60 taxa of seed plants and Bald- 
win (1992) used sequences of ITS regions to study evolu- 
tion in the Compositae.  Springer et al. (1989) reported 
some within-species variation in the IGS regions of sor- 
ghum, but found the lengths and restriction maps of the 
rDNA arrays of sorghum, maize, and sugarcane to be very 
similar. Our objectives were to use sequences of internal  
t ranscribed spacer regions of rDNA to study phylogenet ic  
relat ionships among Sorghum species along with the re- 
lated genera Cleistachne and Zea. 
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Fig. 1 The composition of the rDNA gene in Sorghum and its rel- 
atives. Thick lines represent the coding sequences for the ribosomal 
subunits; thin lines represent IGS or ITS spacer regions. Arrows rep- 
resent the position of primer sequences used for DNA amplification 
and sequencing (17SE and 26SE), or only DNA sequencing (5.8S, 
5.8R, 5.811 and 5.812). Primer sequences are as follow: 17SE 
ACGAATTCATGGTCCGGTGAAGTGTTCG; 26SE TAGAATT- 
CCCCGGTTCGCTCGCCGTTAC; 5.8S ACGACTCTCGGCAAC; 
5.8R GCGTGACGCCCAGGC; 5.811 GTTGCCGAGAGTCGT; 
5.812 GCCTGGGCGTCACGC 

Materials and methods 

The plant materials used in this experiment are presented in Table 1. 
Specimens of the samples used are maintained at the Department of 
Agronomy, Kansas State University. Young leaves were collected 
from greenhouse-grown plants and frozen at -70~ until DNA was 
extracted. Total DNA was purified following procedures described 
previously (Hulbert and Bennetzen 1991). 

Based on the reported ribosomal DNA sequence of rice (Takai- 
wa et al. 1985), carrot, and broad bean (Yokota et al. 1989), 20-bp 

Table 1 Plant materials used 

Acession PI# a Source Origin 

Section Sorghum: 
S. bicolor (2n=20) 

subsp, bicolor cv. Shanqui red; 
subsp, arundinaceum 

arundinaceum 302266 
verticilliflorum 365024 
aethiopicum; 302105 

subsp, drummondii sudanese; 343165 
S. halepense (2n=40) halepense 302236 
S. propinguum (2n=20); 302191 

Section Chaetosorghum: 
S. macrospermun (2n=40) 85-229 

Section Heterosorghum: 
S. laxiflorum (2n=40); 

Section Parasorghum: 
S. australiense (2n=20) 85-261 
S. nitidum (2n=10) 
S. purpureo-sericeum (2n=10) 
S. versicolor (2n=10); 

Section Stiposorghum: 
S. matarankense (2n=10) 
S. stipoideum (2n=10); 

Zea mays (2n=20) line H95. 

CIeistachne sorghoides (2n=36) 

J. Axtell China 
Africa 

Africa 
Africa 
Africa 

K. Schertz Australia 

P. Lawrence Australia 

K. Schertz Australia 
T. Wu China 
T. Wu Africa 
T. Wu Africa 

85-242 K. Schertz Australia 
P. Lawrence Australia 

368246 MPIS b, Uganda a 

a Plant introduction number 
b Mid-West area plant introduction number 

conserved regions in 17s and 26s ribosomal genes were chosen as 
primers (Fig. 1). An extra 8 bp including an EcoR I site was added 
to the 5' end of each primer. The DNA fragment amplified using these 
two primers is approximately 800 bp long and included ITS 1, ITS2 
and the 5.8s ribosomal gene. 

The amplification conditions were: 50 mM KC1, 10 mM Tris- 
HCI(pH 8.8), 0.1% Triton X-100, 0.2 mM of each dNTR 2.5 mM 
MgC12, 8% DMSO, 0.1 gg/0.1 ml of genomic DNA and 0.05 units 
of Taq DNA polymerase. After an initial heating step at 94~ for 3 
min, samples were incubated for 35 cycles of 94~ for 1 min, 58~ 
for 1 rain, and 72~ for 2 rain. The reactions were completed by in- 
cubating at 72~ for 5 min. 

The amplified DNA was digested with EcoRI, and ligated into 
the EcoRI site of Bluescript PBSII SK- and used to transform E. co- 
li strain DH5c~F' using standard techniques (Sambrook et al. 1989). 
EcoRI-digested miniprep DNAs were electrophoresed on agarose 
gels to confirm that the cloned inserts were in the range of about 
800 bp. 

Double-strand sequencing was conducted with the Sequenase 2.0 
version (US Biochemicals) using either the dGTP or the 7-deaza- 
dGTP kit. Both gel-purified PCR products and purified clones were 
used as templates. Difficulties with obtaining sequence information 
from PCR-amplified templates from some accessions made it nec- 
essary to derive the complete sequence from cloned templates. In 
this case, at least two different clones were used. Besides the two 
PCR primers, four 15-bp primers corresponding to each strand of 
two regions within the 5.8s gene were used to prime sequencing re- 
actions (Fig. 1). 

DNA sequences from different accessions were aligned with the 
aid of the PC GENE program, and data was analyzed by Wagner par- 
simony (Swofford 1993) using PAUP 3.1 on a Macintosh Quadra 
700. Deletions were considered to be single evolutionary events and 
were weighted the same as nucleotide substitutions. Two exact meth- 
ods were used as search strategies to identify the most parsimonious 
tree: Branch and bound searching with TBR branch swapping and 
the MULPARS options on, and an exhaustive search of a data set 
with a reduced number of taxa. The latter was performed after delet- 
ing the data for S. halepense, S. propinquum and all of the S. bicol- 
ors except the cultivated line. These accessions varied by no more 
than one informative base. Maize was specified as an out group and 
the "midpoint rooting" option was selected in constructing the trees. 
Two equally-parsimonious trees were identified by both methods. A 
strict consensus tree was constructed in which any clade appearing 
in both of the shortest trees was included. The ITS DNA sequence 
of rice (Oryza sativa, Takaiwa et al. 1985) was compared to the oth- 
er species to determine the positions of the 17s, 5.8s and 26s genes 
and for use as a possible outgroup. The inclusion of rice in the anal- 
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ysis increased the number of deletion/insertion events from four to 
23 and also added 48 base substitutions. This suggested that the ge- 
nus Oryza had diverged long before the progenitors of genera Sor- 
ghum and Zea diverged from each other and that its distant relation- 
ship may make it unsuitable as an outgroup. When a phylogenetic 
analysis was performed using the rice sequence as an outgroup, how- 
ever, an identical consensus tree was identified. 

The rDNA sequences of one representative of the section Sor- 
ghum (the cultivated line) and each of the other species were sub- 
mitted to GenBank. The sequences were given the accession num- 
bers U04788-U04798. 

Results 

L e n g t h  va r i a t ions  o f  the ITS  r e g i o n  

T h e  l eng th  o f  the  en t i re  S. bicolor r D N A  ITS  r e g i o n  was  
588 bp.  O t h e r  spec ies  in the  s tudy  had  s imi la r  l eng ths  o f  
ITS  reg ions .  T h e  s amp le s  in the s tudy  had G C  con ten t s  va r -  
y i n g  b e t w e e n  60 .4% to 65 .8%.  The  use  o f  7 - d e a z a  d G T P  

Table 2 Polymorphic base pairs used in the analysis. Numbers at 
the top of the columns refer to the number of the base in the se- 
quenced fragment starting from the end of 17s gene. Ambiguous base 

pairs due to difficulties in sequence reading or differences between 
clones are shown by 'N' ,  which were not counted in any case. Dash- 
es represent gaps in the sequences due to deletion/insertion events 

Taxa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3  
0 0 1 1 1 1 1 1 1 2 2 2 2 3 3 3 3 3 3 4 4 5 5 5 5 5 6 6 6 6 6 6 6 7 7 7 8 9 0 2 3 3 3 3 3 4 4 4 4 5 5 5 6 6 7 7 7 7 8 8 9 9 9 9 9 0  
3 8 0 1 2 3 6 7 9 3 5 8 9 1 2 3 5 8 9 0 4 1 2 3 4 6 1 2 3 5 7 8 9 1 2 8 7 1 8 7 0 1 4 7 9 1 3 7 8 0 1 8 2 8 6 7 8 9 0 2 0 1 4 5 6 0  

Sorghum bicolor 
cv. sanqui red 

S. bicolor 
race aethiopicum 

S. propinquum 
S. halepense 
S. bicolor 

race veticiliflorum 
S. bicolor 

race sudanense 
S. bicolor 

race arundinaceum 
S. nitidum 
S. macrospermum 
S. laxiflorum 
S. versicolor 
S. purpureo-sericeum 
Cleistachne sorghoides 
S. stipoideum 
S. australiense 
S. matarankense 
Zea mays cv. h95 

CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 

CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 

CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 
CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 
CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 

CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAGATGAGCCTGAGAGATCTT 

CCGTGAATTTACCGTCATTTTCAAGTTTGTCAACTAAATCGTCT-AAAATGAGCCTGAGAGATCTC 

CC-TGAATTTATCGTCATTTTCAAGTTTGTCAACTAAATCGTG~AAGATGAGCCTGAGAGATCTT 
CA-CGGGCTCGTCGCTGTCCCCAAGTGAATCGTATGGATCACC~TGGATAAGGACNNGAGATCTT 
TC-CGGGCTCGTCGCTGTCCCCAAGTGACTCGTATGGATCACC~TGGATAANGCCGCGTGATCTT 
CC-CGAGCTTATCGCTGCTCTCACGCGAGCTGTACGAAATATC~TGGACGCGCCCGCAAGATCTT 
CC-CGAGCTTACCGCCGCTCTCATGCGAGCTGTATGAAATATAT-AGGACGTGCCCGCGAGATCTT 
CC-CGAGCTTGCCGCCGCTCNNNNGNGAGCNGTNTGANATATC~NGGACGNGCCCGCGAGATCTT 
CC-CGAGCTTGCCGCCGCTCTCACGCGAGCTGTATGACATATCC-AGGACGCGCCTGAGAGATCTT 
CC-CGAGCTTGCCGCCGCTCTCACGCGAGCTGTATGACATATCC-AGGACGTGCCCGCGAGATCTT 
CC-CGAGCTCGCNNCCGCTCTTGCGCGAGCCGTACGGCGTATCC-GGGGCGCGCCCGCGATCATAT 
CC-CNAGCATACCGCCGCTCTNGCNCGAGCTGTATGAAATATATGAGGACGTGCCAGGGAGATCTT 

Taxa 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7  
1 2 3 3 3 3 4 4 4 4 6 8 8 8 9 9 9 9 9 9 0 0 1 1 1 1 2 3 3 3 4 4 5 5 6 7 7 9 9 0 0 0 3 4 4 4 4 4 4 5 5 5 5 6 7 7 7 8 8 8 8 9 9 9 0 2  
1 7 1 4 7 8 1 2 4 5 9 5 7 9 1 5 6 7 8 9 0 1 1 6 7 9 9 0 8 9 1 2 5 9 9 3 6 2 5 0 2 9 8 2 3 4 6 7 8 0 1 2 9 3 1 3 5 2 6 7 9 2 3 5 3 5  

Sorghum bicolor 
cv. sanqui red 

S. bicolor 
race aethiopicum 

S. propinquum 
S. halepense 
S. bicoIor 

race verticiliflorum 
S. bicolor 

race sudanense 
S. bicolor 

race arundinaceum 
S. nitidum 
S. macrospermum 
S. laxiflorum 
S. versicolor 
S. purpureo-sericeum 
Cleistachne sorghoides 
S. stipoideum 
S. australiense 
S. matarankense 
Zea mays cv. h95 

C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G C C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  

C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G C C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  

C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G C C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  
C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G C C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  
C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G T C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  

C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G T C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  

C G T C C C G G C A C C A C T C G G - - T T T T T C C G A T C G C C T C G G G T A G T G C C G T G C C A T C G C A C T T T C G C  

T G T C C C G G C A C C A C T C G G - - T T T T T C T G A T T C C C T A A G G T A A T G T C G C G C A A T T G C A C T T T C G C  
C G A T T C G G C A G C A C T T G G - -  C T G T C C C G A G C G G T A C G G A T G G C G C T G C C T C A A C G C G C T C C C G T  
C G A T T C G G C A G C A C T T G G - -  C T G T C C C G A G C G G T A C G C A T G G C G C C C C C T C A A C G C G C T C C C G T  
C G T T C T A G C A A C A C A A A G G - C T G T C T C T A C C G C C A C G G G C G G C A C C G C G C C A A G A C G C C C C C G T  
C G T T C C G G C A A C A C A A A G G - C T G T C T C T A C C G C C A C G G G C G G C G C C G C G C C A A G A C G C C C C C G T  
CGTTCCGGCAACACAAAGGGAGCTGTCTCTACCGCCACGGGCGGCGCCGCGCCAAGACGCCCCCGT 
C G T T C C G G C A A C A A G A A G T - C T G T C T C T G C C G C C A C G G G C G G T G C C G C G C C A A G A C G C A C C C A T  
C G T T C C G C A C A C A A G A A G T - C T G T C T C T G C C G C C A C G G G C G G C G C C G C G C C A A G A G G A C C C T A T  
C G T T C C G G C A A C A A G A A G G - C T G T C T C T G C C G C C A C G G G C G G C G C C G C G C C G A G A C G C C C C C G T  
CATTCGGGCAAACCCCGCGGCGCCGCCCCTACCGCCACGGGCGGCGCCGCGCCAAGACGCCCCCGT 
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was helpful in minimizing localized compression problems 
due to a high GC content. 

There was a total of four deletion/insertion events in the 
17 species analyzed (Table 2). Compared to the S. bicolor 
sequence, Z. mays and S. ~icolor race arundinaceum had 
one extra base pair in the ITS1 region. In the ITS2 region, 
S. bicolor and its close relatives, including S. nitidum, 
S. laxiflorum, and S. macrospermum, appeared to have a 
4-bp deletion. The other Parasorghum and the Stiposor- 
ghum species had a 3-bp deletion at the same position. 
Z. mays and C. sorghoides did not have the deletion. These 
differences in deletions may indicate the lineages of spe- 
cies evolution. 

rDNA sequence variation 

The most common polymorphisms in the ITS region were 
base substitutions. In addition to the insertion/deletions, 
126 polymorphisms were observed as base substitutions; 
78 of these were informative (Table 2). Two equally-par- 
simonious trees (Fig. 2) were constructed from the infor- 
mative nucleotides. The only differences between the two 
trees were the placements of S. purpureo-sericeum, S. ver- 
sicolor and C. sorghoides within the same clade. A strict 
consensus tree (Fig. 3) was constructed from the two most- 
parsimonious trees. 

The number of nucleotide differences between taxa are 
shown in Table 3. There were only a few base pair differ- 
ences among S. bicolor races (Table 3). The variations 
among the accessions of this group range from 0 to 5 bp 
and they formed a clade in the phylogenetic tree (Fig. 3). 
This group also included the two other species of the sec- 
tion Sorghum, S. halepense and S. propinquum, due to their 
identical ITS sequence with that of S. bicolor. A species 
from the section Parasorghum, S. nitidum, was the next 
closest species in the analysis. It had 12-16-bp differences 
from the members of the S. bicoIor group. The two species 
in the sections Heterosorghum and Chaetosorghum, S. lax- 
iflorum and S. macrospermum, had only 8-bp differences 
between them, and they formed a single clade in the phy- 
logenetic tree (Fig. 3). Though S. laxiflorum and S. mac- 
rospermum had 53-59-bp differences from the S. bicoIor 
group, they fell into the same major clade in the phyloge- 
netic tree as S. nitidum and S. bicolor. This result supports 
the hypothesis that the sections Sorghum, Heterosorghum, 
and Chaetosorghum form one circle of affinity (Garber 
1950; Celarier 1957; Wu 1990). However, the placement 
of S. nitidum (Fig. 3) was contradictory to the current con- 
sideration that this species is a member of the section Par- 
asorghum (Snowden 1935; Garber 1950; Wu 1989). 

C. sorghoides and the two Stiposorghum species were 
grouped together with the Parasorghum species (except S. 
nitidum) in the phylogenetic tree. The number of nucle- 
otide differences between these species ranged from 3 to 
26 bp, while their differences from the taxa in the first 
group were between 37 to 77 bp (Table 3). This result 
agrees with the statements that the sections Parasorghum 
and Stiposorghum are closely related to each other (Gar- 
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' Zea mays 

Fig. 2 The two shortest and equally-parsimonious trees construct- 
ed by analysis of the rDNA sequence data by Wagner parsimony. 
Numbers above the branches are the number of steps or the recon- 
structed number of evolutionary changes along the branch 

I S. ptr/~reo-serfceum Parasorghtrn 
Cleistacl't~ sorghoides 

. ~ [ ~ [ ~  S. s~/de~n Stiposorghum 
S. austrMense P~asorglntrn 
S. matarankense Stiposerghurn 
Zea mays 

Species Section 

S. b~o/or b~ Sorghum 
S. bicolor aet Sorghum 
S. ha/epense Sorghum 
EL prop#'~,~m Sorghum 
EL. bicolor vet Sorghum 

b~o~r sud Sorg~m 
S bicoloraru Sorghum 
,S n/'ddurn Parasorghum 
S. maarospermum Chaetosorghurn 

�9 S/ax/flontn Heterosorghurn 
S. vers/cobr ParasorghJrn 

Fig. 3 Phylogenetic tree for 15 Sorghum accessions, Cleistachne 
sorghoides, and Zea mays. The tree is the strict consensus tree con- 
structed from the two most-parsimonious trees in Fig. 2. S. bicolor 
bic=cv Sanqui red; S. bicolor aet--aethiopicum; S. bicolor vet=ver- 
ticiliflorum; S. bicolor sud=sudanense; S. bicolor aru=arundinaceum 

ber 1950; Celarier 1958; Wu 1989), and that C. sorghoides 
is closely related with some Parasorghum species (Duvall 
and Doebley 1990). The tree in Fig. 3 also agrees with that 
of Duvall and Doebley in that S. australiense, a Parasor- 
ghum species, is more closely related to the Stiposorghum 
species than other Parasorghum species. The phylogenetic 
analysis also suggested that maize is more closely related 
to most Parasorghum species than to Eusorghum species 
(Fig. 3). The number of base-pair differences between Z. 
mays and taxa in the Parasorghum-Stiposorghum-Cleis- 
tachne group varied between 18 and 36, while the differ- 
ences varied between 54 and 67 for maize and the taxa in 
the first group. 
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Table 3 Number of nucleotide differences between pairs of taxa 

Taxa 1 2 3 4 5 6 7 8 9 l0 11 12 13 14 15 16 17 

1 Sorghum bicolor cv. sanqui red - 
2 S. bicolor race aethiopicum 0 - 
3 S. propinquum 0 0 - 
4 S. halepense 0 0 0 - 
5 S. bicolor race verticiliflorum 1 1 1 1 - 
6 S. bicolor race sudanense 1 1 1 1 0 - 
7 S. bicolor race arundinaceum 4 4 4 4 5 5 - 
8 S. nitidum 12 12 12 12 13 13 16 - 
9 S. macrospermum 53 53 53 5 53 53 57 63 - 

10 S. laxiflorum 55 55 55 55 55 55 59 65 8 
11 S. versicolor 57 57 57 57 58 58 61 66 46 
12 S. purpureo-sericeum 52 52 52 52 53 53 54 60 45 
13 Cleistachne sorghoides 47 47 47 47 48 48 49 56 37 
14 S. stipoideum 54 54 54 54 55 55 56 63 50 
15 S. australiense 63 63 63 63 64 64 65 72 54 
16 S. matarankense 68 68 68 68 69 69 70 77 54 
17 Zea mays cv. h 59 59 59 59 60 60 61 67 54 

47 
46 ll - 
38 9 3 
52 20 15 
55 23 16 
55 26 24 
56 26 18 

m 

11 - 

13 11 - 
16 21 24 
18 28 31 

m 
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The heterogeneity of rDNA 

The rDNA sequences were not always homogeneous in the 
species analyzed. Five clones of S. nitidum were se- 
quenced, two of which had a deletion of about 40 bp in the 
ITS2 region, while the other three did not. The sequences 
of the clones were otherwise identical, and either sequence 
resulted in the same position in the phylogenetic tree since 
deletions, like substitutions, were considered to be single 
evolutionary events. Similarly, one clone of S. australiense 
had an apparent insertion of roughly 100 bp. It is possible 
that these differences were caused by PCR artifacts. It is 
also possible that these represent rDNA copies that have 
been modified and lost their function. However, the pres- 
ence of two ribosomal arrays with sequence differences in 
any of the species should have been detected using PCR 
products directly as sequencing templates. We did not see 
any evidence of heterogeneity in any of the tetraploid spe- 
cies, i.e., S. halepense, S. laxiflorum, and S. macrosper- 
mum. This, however, should not be taken as evidence of 
autopolyploidy because ribosomal gene sequences are sub- 
ject to relatively rapid rates of concerted evolution (Zim- 
mer et al. 1988). 

Discussion 

Sorghum halepense, S. propinquum, the sorghum cultivar, 
and race aethiopicum of S. bicolor subsp, arundinaceum 
all had identical ITS sequences. The races verticilliflorum 
(subsp. arundinaceum) and sudanense (subsp. drumondii) 
of S. bicolor had rDNA sequences identical to each other, 
and differed from the cultivated sorghum by just 1 bp. The 
race arundinaceum of S. bicolor differed by 4 bp from the 
sorghum cultivar (Table 3). The similarity in ITS se- 
quences between some of the races in the subspecies arun- 
dinaceum and the cultivated sorghum was expected since 
analysis of morphological traits (Snowden 1935; Liang and 

Casady 1966; De Wet and Huckabay 1967; De Wet and 
Harlan 1971; Doggett 1976; Mann et al. 1983) and chlo- 
roplast RFLP patterns (Duvall and Doebley 1990) have 
suggested that one or more of the races may be the direct 
progenitors of cultivated sorghum. Sorghum propinquum 
is generally considered to be more distantly related to cul- 
tivated sorghum, due primarily to its Asian distribution (De 
Wet 1978; Wei 1984) and perennial growth habit. How- 
ever, its otherwise similar morphology to cultivated sor- 
ghum, its identical ITS sequence, and the fact that they 
intercross freely (De Wet 1978; Chittenden et al. 1994) sug- 
gest that it could be considered a rhizomatous version of 
S. bicolor. 

It has been proposed that S. halepense arose within S. 
bicolor (Bhatti et al. 1960). Others have considered it a 
product of the hybridization of S. bicolor and S. propin- 
quum (Doggett 1976). The identical rDNA sequence of 
these species supports either view. S. halepense may be 
considered as an autotetraploid even if the latter view is 
true, however, since both its probable parents are appar- 
ently closely related. This proposal is consistent with the 
observation made by Tang and Liang (1988) that as many 
as eight quadrivalents formed in a hybrid between S. hale- 
pense and a 40-chromosome S. bicolor. 

Sorghum nitidum has the most extensive range of dis- 
tribution among all the Parasorghum and Stiposorghum 
species. It can be found in southern China, India, south- 
east Asia, Pacific Islands and northern Australia (Garber 
1950). The wide distribution has also given rise to a large 
amount of variation in morphology and ploidy, having va- 
rieties with n=5, 10, or 20 (Celarier 1958; Gu et al. 1984). 
This species maintains the hairy ring on its nodes, the iden- 
tifying trait for Parasorghum species, but it also possesses 
characters which make it unique in the section. Like some 
Eusorghum species (i.e., S. propinquum), it is a perennial 
weed with rhizomes (Wu 1984). S. nitidum is the only spe- 
cies in the sections Parasorghum and Stiposorghum which 
has awnless varieties (Garber 1950). Chromosomes of S. 
nitidum are significantly smaller than those of other spe- 



cies in Parasorghum and Stiposorghum, and resemble 
those of S. bicolor and S. halepense (Gu et al. 1984). From 
the above observations and the rDNA sequence data we 
obtained, it is apparent that problems exist with the sec- 
tional boundaries of the Parasorghum group. The close af- 
finity of S. nitidum and the members of the section Sor- 
ghum imply it should either be included in this section or 
given a unique sectional status. 

Sorghum macrospermum is the only species in the sec- 
tion Chaetosorghum, and is found only in the Northern Ter- 
ritory of Australia. Sorghum laxiflorum is the only species 
in the section Heterosorghum, and is distributed in the Phi- 
lippine islands, New Guinea, and northern Queensland 
within Australia (Garber 1950). Both species have 40 chro- 
mosomes in their somatic cells. The major morphological 
differences between the two are that S. macrospermum has 
simple panicles and a poorly-developed awn, while S. lax- 
iflorum has divided panicles and awns. Their very similar 
rDNA sequence constitutions (8-bp difference) suggested 
that it may be appropriate to combine these two sections. 

Geographically-close members of the sections Parasor- 
ghum and Stiposorghum species were grouped together in 
Fig. 3. The three Australian species, S. australiense, S. 
matarankense, and S. stipoideum, form a clade, even 
though they belong to two sections. All these species were 
originally grouped under the section Parasorghum by 
Snowden (1935). The distinct characters for this section 
were nodes with rings of hair and simple panicles, Garber 
(1950) later advocated the division of the section into two 
sections, in which Parasorghum species have an obtuse 
callus and awns shorter than 65 mm, while species in Stip- 
osorghum have a pointed callus and awns longer than 65 
mm. However, Wu (1989) has shown that some interme- 
diate shapes of callus exist so that we may not always be 
able to define them as "pointed" or "obtuse". The close af- 
finity of S. australiense to the two Stiposorghum acces- 
sions, as indicated by rDNA sequence, implies that awn 
length may not be a good criterion for classification. Our 
data supported the conclusion of Duvall and Doebley 
(1990) that the section Parasorghum is not monophyletic. 
It may be appropriate to consider either combining the sec- 
tions Parasorghum and Stiposorghum or else reevaluating 
the taxonomic status of the species in the two sections. 

The rDNA of Z. mays showed considerable similarity 
to the Parasorghum and Stiposorghum species, differing 
by as few as 18 out of 593 bp (Table 3). The commonly- 
used explanation for the somatic chromosome number of 
20 of maize and sorghum is that they were derived by poly- 
ploidization events involving 2n= 10 species. If  polyploid- 
ization events occurred in the evolution of the two genomes 
they clearly were not recent, however, since both species 
are generally considered as diploids and homoeologous 
chromosomes are no longer recognizable in either species 
(Helentjaris et al. 1988). Comparative mapping of the sor- 
ghum and maize genomes has identified numerous ge- 
nomic areas in which linkage arrangements of DNA se- 
quences are conserved (Hulbert et al. 1990; Whitkus et al. 
1992; Melake Berhan et al. 1993). It is conceivable that 
the most recent common ancestor of maize and sorghum 
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was a 2n=20 species. The ribosomal DNA sequence anal- 
ysis, however, has indicated that both species probably 
have 2n=10 chromosome species to which they are more 
closely related. S. nitidum appeared closely related to cul- 
tivated sorghum while maize appeared more closely related 
to the major Parasorghum/Stiposorghum group (Fig. 3; 
Table 3). It seems more likely, therefore, that S. bicolor 
and Z. mays acquired their present chromosome number 
independently. 

C. sorghoides, distributed in eastern tropical Africa and 
western India (Garber 1950), is obviously a close relative 
of Sorghum species though it has 3 6 somatic chromosomes. 
Both chloroplast DNA (Duvall and Dobeley 1990) and our 
rDNA sequence data support this view. It appears that the 
genus Cleistachne has a common progenitor with the Par- 
asorghum and Stiposorghum species. Whether Tripsacum 
species (n=l 8) have any inherent relations with the Cleis- 
tachne species remains uninvestigated. Our data agree with 
the proposal (Duvall and Doebley 1990) that either the ge- 
nus Sorghum should be treated as several genera or that 
Cleistachne should be included in the genus Sorghum. 
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