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Abstract Fifty one clonesisolated from a size-fractionat-
ed genomic DNA library of Sorghum bicolor (L.)
Moench, that had been probed with four radiolabeled di-
and tri-nucleotide oligomers, were sequenced. Fifty of the
clones contained one or more simple-sequence repeats
(SSRs) [72% of which were (AG/TC),, SSRs] and, fol-
lowing analysis of the clones, polymerase-chain-reaction
primer sets that amplify 38 unique SSR loci were devel-
oped. Genotyping of the 38 loci in 18 sorghum acces-
sions, including the parents of a recombinant inbred (RI)
mapping population, revealed polymorphism at 36 of the
loci among the 18 accessions and at 31 of the loci (not in-
cluding null aleles at two loci) between the parents of the
RI population. All of the latter 31 loci were mapped. The
genotypes at 17-mapped SSR loci were assayed in 190 S.
bicolor accessions in order to determine &7, the estimated
level of aldlic differentiation (the estimated probability
that two members of a population, chosen at random and
without replacement, differ in alelic composition), at
each of the loci. The mean &} value determined for S. bi-
color overall was 0.89, the range of mean &% vaues for
ten S. bicolor races was from 0.88 to 0.83, and the range
of mean &% values for ten working groups (= sub-races)
of the race caudatum, with only two exceptions, was from
0.87 to 0.79. The lowest d% values for six of the loci
among the ten race-caudatum working groups ranged
from 0.86 to 0.70; thus, the probability that different al-
leles will be present at one or more of these loci in two
accessions chosen at random from a working group is
> 0.996 when three of the loci are genotyped, and
>0.9999 when al six of the loci are genotyped. The re-
sults of this study confirm that most S. bicolor SSR loci
are sufficiently polymorphic to be useful in marker-
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assisted selection programs and they indicate that the lev-
els of polymorphism at some loci are high enough to al-
low the vast mgjority of S. bicolor accessions, even ac-
cessions within working groups, to be distinguished from
one another by determining the genotypes at a small
number, perhaps as few as a half-dozen, SSR loci.

Key words Fingerprinting - Genetic differentiation -
Linkage mapping - Sorghum bicolor - SSRs

Introduction

DNA simple-sequence repeats (SSRs, aso called micro-
satellites) are numerous and highly polymorphic in plants
(Morgante and Olivieri 1993; Saghai Maroof et al. 1994;
Wang et al. 1994; Rongwen et al. 1995; Yang et al. 1995).
Although costly to develop relative to some other classes
of genetic markers, once developed, analysis of them is
both easy and inexpensive. Their high information con-
tent and other favorable characteristics make them excel-
lent genetic markers for many types of investigations, in-
cluding marker-assisted selection and fingerprinting of
germplasm collections. Large numbers of SSR loci have
been genetically mapped in several agronomically impor-
tant plant species, including wheat (Roder et a. 1998),
rice (Cho et al. 1998), and soybean (Cregan et al. 1999).
Sorghum is fifth in acreage among the world’s cereals
(Doggett 1988). A diverse genus belonging to the tribe
Andropogoneae, it consists of cultivated and wild spe-
cies, many of which are interfertile. Sorghum bicolor
ssp. hicolor (2n = 20) is the most important taxon agro-
nomically in that it includes the cultivated grain races. It
isadiploid, is highly self-pollinated, and possesses con-
siderable diversity, both morphologically and in agro-
nomic traits, such as adaptive pest resistance. It consists
of five basic races (bicolor, caudatum, durra, guinea, and
kafir) and severa hybrid races (for a review see Doggett
1988). Also, numerous working-groups (= sub-races)
have been identified. Severa RFLP linkage maps of
S. bicolor have been constructed (Hulbert et al. 1990;



Binelli et al. 1992; Whitkus et al. 1992; Berhan et a.
1993; Chittenden et al. 1994; Pereira et a. 1994; Ragab
et a. 1994; Xu et al. 1994; Dufour et al. 1996, 1997;
Peng et al. 1999). Combined, these maps include over
800 markers (Bennetzen et al. 2000). Only a small num-
ber of SSR primer sets have been developed for sor-
ghum, however (Brown et al. 1996; Taramino et al.
1997), and linkage map locations have been published
for only seven sorghum SSR loci (Taramino et a. 1997).

This paper reports the results of a study designed to:
(1) isolate and sequence SSR-containing clones from a
size-fractionated S. bicolor genomic DNA library, (2)
develop and test primer sets for SSRs contained in the
sequenced clones, (3) determine linkage-map positions
of polymorphic SSR loci, and (4) estimate the levels of
alelic differentiation, &, (Gregorius 1987), at selected
mapped SSR loci. Brief accounts of some of this re-
search were reported in earlier abstracts (Dong et al.
1996; Kong et al. 1997). The characteristics and map po-
sitions of a large number of additional sorghum SSRs
isolated from BAC and enriched-genomic DNA libraries
will be described in alater paper.

Materials and methods

Plant materials

S bicolor (L.) Moench accession BTx623 was the source of the
DNA used to construct a genomic DNA library from which SSRs
were isolated. Each SSR locus that was amplified with the primer
set produced for it was genotyped in five related kafir male-sterile
lines (B-lines), including BTx623, six related fertility restorer
lines (R-lines), six photoperiodism-converted zerazera (‘cauda-
tum-like’) lines, and 1S3620C, a guinea line (Table 1). These lines
were obtained from Dr. FR. Miller. Linkage mapping was per-
formed in a population of 137 F¢ g recombinant inbred (RI) lines
developed by Dr. K.F. Schertz from a cross between BTx623 and
1S3620C (Peng et al. 1999). One-hundred and ninety S. bicolor
accessions (Table 2), representing 16 races and 12 working groups
(sub-races) within one of the races (caudatum), were genotyped at
selected SSR loci. Within the races and working groups, the acces-
sions analyzed were chosen at random from a much larger number
of accessions obtained from Dr. Jeff Dahlberg.

Isolation of SSRs and design and production of primers

Genomic DNA was purified by the method of Murray and Thomp-
son (1980) as modified by Saghai Maroof et a. (1984). To pro-

Table 1 Sorghum lines that were genotyped at each SSR locus
that was amplified with the primer set produced for it

Guinealine B-lines Zerazeralines R-lines
1S3620Ca BTx378 SC108-14E RTx430
BTx6232 SC110-14E RTx435

BTx631 SC120-14E RTx2536

BTx3197 SC170-14E RTx2737

BTam618 SC173-14E RTx2767

SC175-14E RTx2908

aA parent of the recombinant inbred mapping population
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duce a size-fractionated sorghum genomic DNA library, DNA pu-
rified from BTx623 was digested with Sau3Al, electrophoresed in
alow-melting-point agarose gel, and the gel zone containing DNA
fragments 100-500 bp in length was excised and digested with
agarase. DNA fragments released by the digestion were ligated in-
to the BamHlI site of pGEM 1 and the vector was transformed into
Escherichia coli strain DH10B by electroporation. Transformed
cells were plated onto LB+agar medium with ampicillin, IPTG,
and X-gal. Following overnight growth of cells at 37°C, white col-
onies were selected, re-plated, transferred to nylon membranes,
and probed with a radiolabeled nucleotide mixture containing two
dinucleotide 20-mers [(AG),q and (AC),,] and two trinucleotide
21-mers [(CCT), and (ATT),]. Hybridization of membranes was
performed overnight at 48°C in 0.5 M monobasic/dibasic sodium
phosphate buffer, pH 7.2, containing 1% BSA, 7% SDS, and
1 mM EDTA. Following hybridization, the membranes were
washed twice in a 2xSSC+0.1% SDS solution at 48°C for 30 min
and once in a 1xSSC+0.1% SDS solution at 48°C for 30 min.
Clones that gave a high signal-level were sequenced in an Applied
Biosystems 373 DNA sequencer. Initialy, colonies that displayed
a high signal-level were re-plated (three samples/colony) and re-
probed, but this was found to be unnecessary and was discontin-
ued. Polymerase-chain-reaction (PCR) primer sets for amplifica-
tion of SSRs were designed using the Oligo 5.0 software program
(purchased from National Biosciences, Plymouth, Minn., and now
obtainable from Molecular Biology Insights, Cascade, Colo.) and
were obtained from Gibco/BRL, Gaithersburg, Md.

Amplification of SSRs

PCR reactions were conducted in either a PE9600 or a PE9700
Perkin-Elmer (Norwalk, Conn.) DNA Thermal Cycler in a 12.5-l
reaction mixture containing 200 pM of each dNTP, 1xPCR buffer
(BRL), 1 mM MgCl,, 25 ng of each primer, 0.25 units of Taq
polymerase (BRL) and 10 ng of DNA. The PCR program consist-
ed of an initial denaturation for 2 min at 94°C and then 30 cycles
of denaturation for 1 min at 94°C, annealing for 30 s, and exten-
sion at 72°C for 1 min. Annealing was performed at either 55°C or
60°C with most of the primer pairs (see Results). The last PCR cy-
cle was followed by a 7-min extension at 72°C. PCR products
were separated in 6% denaturing polyacrylamide gels and silver-
stained using the procedure of Fritz et al. (1999). The ability of
each primer set to amplify the SSR locus for which it was de-
signed was tested on replicated DNA samples of BTx623 and
1S3620C, the parents of the RI mapping population. Primer sets
that did not amplify the SSR locus from at least one of the parental
lines were not used further.

Data analyses

SSRs were placed on a framework RFLP linkage map of the
BTx623 x 1S3620C RI population. This framework map, com-
posed of a subset of the RFLP loci mapped in the population by
Peng et al. (1999), was constructed using the computer program
MAPMAKER V2.0 for Mcintosh. Recombination frequencies
were converted to centiMorgans (cM) using the Kosambi mapping
function (Kosambi 1944). Criteria for the framework map includ-
ed spacing of markers at intervals of 5-15 cM to the maximum ex-
tent possible, a minimum LOD score = 3.0 for terminal triplets,
and aminimum LOD score = 5.0 for all non-terminal triplets. SSR
loci were placed on the framework map using the MAPMAKER
‘Near’ and ‘Try’ commands, and the LOD score for each adjacent
triplet was determined using the ‘Ripple’ command.

The level of adlelic differentiation, &; (Gregorius 1987), was
estimated as:

5 =(1-3 pe)inin 1)

where p; is the frequency of the ith alele of each locus analyzed
and N is the sample size. &% is the estimated probability that two
members of a population, chosen at random and without replace-
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ment, differ in alelic composition. As the equation indicates, it is
afunction of the number of alleles detected, their frequencies, and
the sample size. It is equivalent to Nei's (1973, 1987): ‘expected
heterozygosity’

He :1—Iz p?,

except for the important adjustment for finite sample size that
is provided by [N/(N-1)]. &7 values were derived from the 18 ac-
cessions listed in Table 1 for each SSR locus that was amplified
with the primer set produced for it, and from the 190 accessions
listed in Table 2 for a subset of these loci. The principal criteria
used in selecting the | atter loci were broad coverage of the genome
and a minimum of three alleles among the 18 accessions listed in
Table 1.

The probability, P, that two members of a population will have
a different alele at at least one locus among the SSR loci exam-
ined was computed as:

P=1-{1~(&),1[1-(8),] .. [1-(FDN],

where (8%)1,(07),...(07) ae the & values for the N loci exam-
ined.

SSR criteria, locus symbols, and primer designations

For the purposes of this study, tri-, di-, and mono-nucleotide SSRs
are defined asidentical contiguous tri-, di-, and mono-nucleotides,
respectively, that consist of a minimum of three, four, and seven
units, respectively. SSR loci are designated with an italicized
symbol consisting of a ‘X' (indicating that the function of the lo-
cus is unknown), the laboratory designator ‘txp’, and an Arabic
numeral. Primer-set designations consist of ‘SbTXP' and the Ara-
bic numeral that was assigned to the SSR locus that the primer set
was designed to amplify.

Results
Isolation and characterization of SSRs

Fifty one clones that displayed a high signal level when
probed with two radiolabeled dinucleotide 20-mers
[(AG),, and (AC),g] and two radiolabeled trinucleotide
21-mers [(CCT); and (ATT),] were sequenced. Four of
the clones were duplicates of other clones, one did not
contain a SSR, and the other 46 contained one or more
SSRs. Among recombinant (white) colonies, approxi-
mately 1 out of 2000—3000 contained a SSR.

Thirty eight of the sequenced clones contained one
SSR and eight contained either two, three, or four SSRs.
Thirty one of the former contained a (AG/TC),, SSR,
three a (AC/TG),, SSR, one a (AAT/TTA), SSR, and
three a (AGG/TCC),, SSR. The characteristics of 30 of
these 38 SSR loci are listed in Table 3. The other eight
loci, in seven of which the repeating unit was AG/TC
and in one AC/TG, are not included in the table because
one of the two needed primers could not be designed for
four of the SSRs (due to the close proximity of the SSR
to one end of the clone) and the other four loci could
not be amplified with the primer sets produced for them.
All of the loci containing two or more SSRs are listed in
Table 3 (note, however, that the Xtxp25 primer set does
not amplify one of the two SSRs that was present in
the sequenced clone; see footnote # of Table 3). Eleven

(AGITC),, five (AC/TG), one (AGG/TCC), two
(A/T),, and one (C/G), SSR were contained in these
eight loci.

The number of repeated units per isolated SSR ranged
from seven (Xtxp22 and Xtxp40) to 50 (Xtxp35, which is
not shown in Table 3 because it was not amplified by the
primer set that was designed and produced for it).
Xtxp27, an (AG/CT),, SSR, contains the largest number
of repeated units among the amplified dinucleotide
SSRs. The average number of units at the loci listed in
Table 3 that contain a single dinucleotide SSR is 22.4,
the average number at the six loci that contain two or
more dinucleotide SSRs is 31.3, and the average number
of units/SSR at the latter six loci is 12.5. The repeated
unit in four of the five trinucleotide SSRs is AGG/GAA
and each of the SSRs consists of either six or seven
units. In contrast, Xtxp30, a AAT/TTA SSR, consists of
25 trinucleotides. Two of the three mononucleotide SSRs
are composed of seven units and one of 12.

Primers flanking a SSR were designed and produced
for 42 clones, and amplification of the targeted locus was
accomplished with 38 of the primer sets. Thirty six of
the primer sets amplified the SSR locus for which they
were designed from the genomic DNA of both BTx623
and 1S3620C and two amplified it from the genomic
DNA of BTx623 only. As shown in Table 3, annealing
temperatures of 55°C and 60°C were found suitable for
16 and 15 of the primer sets, respectively, and of 50°C
and 45°C for six sets and one set, respectively.

Testing the potential utility of isolated SSRs

The potential utility of the aforementioned 38 SSR loci
for genetic, breeding, and germplasm-analysis purposes
was tested by determining the number and frequency of
aleles at the loci in the 18 sorghum accessions listed in
Table 1. Two loci were monomorphic among the 18 ac-
cessions, two were monomorphic among 17 of the 18 ac-
cessions, and from two to nine alleles were detected at
the other 34 loci (Table 3). The average number of al-
leles per locus was 4.7 and the mean J7 value for the 38
loci was 0.69.

Mapping of SSR loci

The size of the fragment amplified from genomic DNA
was found to differ between BTx623 and 1S3620C for 31
of the 38 SSR loci listed in Table 3 and the two forms of
each fragment behaved as alleles. Segregation data for
these loci were collected from the BTx623 x 1S3620C RI
population and all of the loci were placed on the frame-
work RFLP map (Fig. 1; Table 3 lists the LG in which
each SSR locus is located). Several of the loci were
mapped in previously unmapped regions and four of
them, Xtxp40 and Xtxp36 in LG E, Xtxp6 in LG I, and
Xtxp23 in LG |, were mapped to a position distal to the
most-distal RFLP locus. Two SSR loci mapped by Dr. D.
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Fig. 1 Combined RFLP framework linkage map and SSR linkage
map of the S bicolor BTx623 x 1S3620C recombinant inbred pop-
ulation. Symbols for SSR loci are in bold face and those for RFLP
loci are in plain text. Distances between loci in cM are shown to
the left of the linkage groups. All loci, except those with a vertical
line to their right, were mapped at a LOD score > 5.0. Double and
single asterisks designate loci mapped at LOD scores < 3.0 and
between 3.0 and 5.0, respectively. The LOD scores for the former
are shown beside the vertical lines

Bhattramakki (personal communication) that are located
in what otherwise would be significant gaps in linkage
groups H (Xtxp47) and J (Xtxp65) are also included on
the map. Markers to fill the other gaps in the linkage
groups are not available.

Relative to the RFLP loci on the framework map, 20
SSR loci were mapped at a LOD score = 5.0 and eight at
a LOD score between 3.0 and 5.0. Among these 28 loci,
Xtxpl3 and Xtxpl9 (LG B), Xtxp24 and Xtxp4l (LG D),
and Xtxp21 and Xtxp27 (LG D) were mapped at a LOD
score < 3.0 relative to each other and = 5.0 relative to all
of the other markers. The other 22 loci were mapped at a
LOD score = 5.0 relative to all other SSR loci. Three of
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the remaining five loci, Xtxp25 (LG B), Xtxp38 (LG C)
and Xtxpl8 (LG H), were ordered at a LOD score of 1.6
to 2.9 relative to one RFLP locus and = 5.0 relative to all
of the other markers;, and the other two, Xtxpl4 and
Xtxpl15 (LG J), were ordered at a LOD score between 3.0
and 5.0 relative to each other, of 2.4 relative to one
RFLP locus, and = 5.0 relative to all other markers.

Genotyping of 190 S. bicolor accessions at 17 SSR loci

In order to estimate the levels of dlelic differentiation at
SSR loci in S. bicolor sub-races and races, and in S. bicol-
or overdl, the genotypes at 17-mapped SSR loci were as-
sayed in the 190 accessions listed in Table 2. Sixteen of the
seventeen loci contain one dinucleotide SSR and one lo-
cus, Xtxp3, contains two dinucleotide SSRs (see Table 3).
The number of alleles detected in S bicolor at each locus
and the estimated levels of dlelic differentiation for S. bi-
color overal and for ten races of S bicolor, as expressed
by 8% values, are shown in Table 4. 8% values for ten
working groups of race caudatum are shown in Table 5.
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Table 4 Number of allelesat 17 SSR loci in S bicolor and estimated levels of allelic differentation, 87, at the loci in S. bicolor and rac-

esof S bicolor

SSRs S. bicolor S. bicolor races?

No. of - Cau- Durra Bicolor Guinea Guinea- Kafir- Durra- Bicolor-  Bicolor- Kafir-

aleles datum caudatum caudatum caudatum caudatum durra durra

detected 190b 83 20 12 12 12 11 9 6 6 6
Xtxpl 20 0.92 0.89 0.87 0.92 0.67 0.88 0.96 0.97 0.93 0.80 1.00
Xtxp3 22 0.91 0.94 091 0.85 0.94 0.85 0.82 0.83 0.80 0.73 0.80
Xtxp6 22 0.94 0.93 0.85 0.97 0.94 0.91 0.98 0.97 - 0.93 1.00
Xtxp7 14 0.87 0.80 0.85 0.86 0.79 0.76 0.89 0.84 0.87 0.93 0.94
Xtxpl2 20 0.91 0.90 0.87 1.00 0.91 0.91 0.93 0.97 - 0.73 0.80
Xtxpld 12 0.81 0.80 0.77 0.89 0.56 0.80 0.84 0.81 0.60 1.00 1.00
Xtxpl5 9 0.86 0.80 090 0.77 0.88 0.88 0.87 0.92 - 0.93 0.93
Xtxpl7 12 0.83 0.80 0.85 0.79 0.83 0.30 0.40 0.81 0.73 0.80 0.00
Xtxpl8 15 0.88 0.83 0.92 0.88 0.92 0.80 0.93 0.89 0.93 0.93 0.93
Xtxp20 15 0.88 0.88 0.81 0.80 0.93 0.90 0.91 0.92 0.87 0.93 0.80
Xtxp21 15 0.84 0.85 0.83 0.85 0.80 0.86 0.89 0.58 0.87 0.80 0.60
Xtxp23 15 0.89 0.81 095 0091 0.83 0.89 0.86 - - - 1.00
Xtxp24 19 0.92 0.92 0.87 0% 0.92 0.85 0.93 0.92 0.93 - 1.00
Xtxp31 18 0.91 0.86 094 0.89 0.88 0.95 0.89 0.94 1.00 0.93 0.93
Xtxp32 20 0.89 0.81 094 094 0.93 0.93 0.89 0.86 0.93 - 0.87
Xtxp37 16 0.86 0.79 0.90 0.80 0.58 0.67 0.87 0.89 0.80 0.93 0.93
Xtxp43 19 0.94 0.94 092 0% 0.89 0.92 0.85 0.89 0.93 0.93 1.00
Mean &7 0.89 0.86 0.88 0.88 0.84 0.83 0.87 0.88 0.86 0.88 0.85

aThe criteria for including a 85 value for a race in the table were
the analysis of six or more accessions, and the obtaining of data
from five or more accessions and from at least 70% of the acces-

sions analyzed. &7 values < 0.69 and >0.50 are underlined and
those < 0.50 arein bold type
b Number of accessions studied

Table5 Estimated levels of allelic differentiation, 87, at 17 SSR loci in working groups (sub-races) of S. bicolor race caudatum

SSRs  Working groups? Race
Caudatum
Caudatum Caudatum- Caudatum- Caudatum- Zerazera Caudatum- Durra- Nigricans Nigricanss Number —
durra guinea kafir nigricans  nigricans feterita 80
20p 11 7 7 7 6 5 5 5 5 83
Xtxpl 0.82 0.93 0.95 0.95 0.95 1.00 0.70 0.90 0.90 - 0.89
Xtxp3  0.92 0.95 0.95 0.88 0.86 1.00 1.00 0.90 1.00 0.90 0.94
Xtxp6  0.93 0.95 - 0.90 - 0.80 0.90 0.90 1.00 - 0.93
Xtxp7  0.79 0.61 0.71 0.67 0.90 - 0.80 - 0.90 0.90 0.80
Xtxpl2 0.92 0.96 - 0.86 0.90 - 0.90 0.70 1.00 0.70 0.90
Xtxpld 0.79 0.82 0.86 0.90 0.67 0.80 0.70 0.40 0.90 0.00 0.80
Xtxpl5 0.72 0.78 0.52 0.67 0.48 0.40 - 0.70 0.90 0.90 0.80
Xtxpl7 0.68 0.73 0.81 0.90 0.00 0.73 - 0.90 0.90 0.90 0.80
Xtxpl8 0.85 0.89 0.72 0.90 - - 1.00 0.70 0.80 - 0.83
Xtxp20 0.89 0.80 - 0.90 0.81 1.00 - - 0.70 0.00 0.88
Xtxp21 0.85 0.87 0.81 0.86 0.52 0.93 0.90 0.90 0.90 0.70 0.85
Xtxp23 0.79 0.78 0.90 0.90 0.86 0.87 0.90 0.60 0.70 0.90 0.81
Xtxp24 0.94 0.77 1.00 0.86 0.90 - 0.90 1.00 0.70 0.60 0.92
Xtxp31l 0.81 0.88 0.81 0.90 0.95 0.93 1.00 0.90 0.70 0.40 0.86
Xtxp32 0.68 0.93 0.52 0.67 0.95 0.87 - 1.00 0.70 0.70 0.81
Xtxp37 0.70 0.89 0.71 0.81 0.48 0.60 0.70 0.40 0.70 0.90 0.79
Xtxp43 0.87 0.91 0.90 0.91 0.85 1.00 0.90 0.90 1.00 0.90 0.94
Mean & 0.82 0.85 0.80 0.85 0.74 0.84 0.87 0.79 0.85 0.67 0.86

aThe criteria for including a & value for a working group in the
table were the obtaining of data from five or more accessions and
from 70% or more of the accessions analyed. &; values < 0.69 and
= 0.50 are underlined and those < 0.50 are in bold type. For com-

Two-hundred and eighty three alleles were identified
in S bicolor at the 17 loci (Table 4), an average of 16.6
aleles per locus. The number of alleles detected per lo-
cus ranged from nine (Xtxpl5) to 22 (Xtxp3 and Xtxp6),
with fewer than 15 alleles detected at only four loci.

parative purposes, the &; values for each SSR locus in race cauda-
tum are shown in the far right-hand column (see also Table 4)
b Number of accessions studied

Two-hundred and thirty four (82.7%) of the 283 alleles
found in S bicolor were detected in race caudatum (83
accessions examined) and 122 (43.1%) of the alleles
were detected in the working-group caudatum (20 acces-
sions examined) of race caudatum. The average frequen-
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cies of the two most-common alleles were 0.24 and 0.17,
and the range of frequencies for the two most-common
alleles combined was from 0.57 for the two most com-
mon Xtxpl4 alleles to 0.23 for the two most-common
Xtxp43 alleles. The number of alleles per locus is posi-
tively correlated (correlation coefficient = 0.68, which is
significant at the 1% level) with the number of repeated
units at the loci in BTx623, the strain from which the
SSRswere originally isolated (data not shown).

The mean 07 value for S bicolor, 0.89, is only mar-
ginally larger than the mean J75 values for the races listed
in Table 4. These range from 0.88 to 0.83 and have a
mean of 0.86. Among the races, only 10 (6.2%) of the
162 &7 values for individual SSR loci are <0.69 (data are
missing for eight locus/race combinations) and only one
O value of 0.00 was detected (for Xtxpl7 in kafir-durra).
Thus, while the estimated levels of differentiation at
some SSR loci vary considerably among the races, the
overall levels differ by only small amounts.

The mean &% values for the ten working groups of
race caudatum listed in Table 5 range from 0.88 to 0.67,
and the overall mean &% for the working groups is 0.81.
The average 0% values for five of the working groups,
namely, caudatum-durra (0.85), caudatum-kafir (0.85),
caudatum-nigricans (0.84), durra-nigricans (0.87), and
nigricans-feterita (0.85), are closely similar to that of
race caudatum (0.86) and are within the range of 0.88 to
0.83 observed for the other races, while the &; values for
three of the other five groups, namely, caudatum (0.82),
caudatum-guinea (0.80) and nigricans (0.79), are only
slightly below this range. The & values of 0.74 and 0.67
for zerazera and number 80, respectively, are markedly
lower, however. & values < 0.69 were detected for
13.3% (20) of the 150 locus/working-group combina-
tions (data are missing for 20 locus/working-group com-
binations), more than twice the frequency that was de-
tected at the racial level. Nine of the twenty low J5 val-
ues are for zerazera and number-80 loci. It is important
to note, however, that a &; <0.80 was not detected in any
working group for three loci, Xtxp3, 6 and 43) and a &7
<0.70 was not detected in any working group for three
other loci (Xtxpl, 12 and 18). The significance of these
findings with regard to the use of sorghum SSRs for fin-
gerprinting is discussed below.

Discussion
I solation and characterization of SSRs

Although the size-fractionated DNA library produced in
this study was probed with four radiolabeled oligomers,
namely, (AG);o, (AC)yo, (CCT); and (ATT), oligomers,
42 (72%) of the 58 SSRs that were isolated contained
AGI/TC as the repeating unit. Next highest in frequency
were AC/TG (eight, 14%) and AGG/TCC (four, 7%)
SSRs. Only one AAT/TTA SSR was isolated. In addi-
tion, two A/T SSRs and one C/G SSR, present in clones
that contained another SSR, were isolated. AG/TC re-

peats also predominated among the SSRs isolated by
Brown et al. (1996), who probed a size-fractionated sor-
ghum genomic DNA library with a radiolabeled mixture
containing two dinucleotides, including (AG), two tri-
nucleotides and one tetranucleotide.

Thirty six (70.6%) of the fifty one sorghum SSR loci
that were sequenced were amplified from genomic DNA
of both of the parents of the Rl mapping population with
the primer sets that were designed and produced for
them, and 31 (60.8%) of the 51 loci were genetically
mapped. These percentages, which are markedly higher
than reported in previous studies of plant species, includ-
ing the study of Brown et al. (1996) on sorghum, indi-
cate that conditions can be defined whereby highly effi-
cient isolation of amplifiable SSRs from a size-fraction-
ated genomic DNA library can be accomplished.

Distribution of SSR loci in the sorghum genome

The number of SSR loci mapped in this study in linkage
groups A through Jis 3,8,4,5,2,1,1,1 2and 4, re-
spectively. Thisis an insufficient number of loci to allow
a definitive conclusion to be made regarding whether or
not SSR loci are randomly distributed in the S bicolor
genome. The distribution of the mapped SSR loci is sug-
gestive of clustering, however, because the members of
four pairs of loci are located 1.8 cM or less from one an-
other, and the ratio between the number of SSR loci lo-
cated in a LG and the cM length of the LG is 1:14 for
LG Jand 1:22 for LG B (not counting Xtxp65) but only
1:116 for LGs F, G, and H combined (not counting
Xtxp47in LG H).

Utility of SSRsfor fingerprinting
and marker-assisted selection

Among the criteria for genetic markers that are to be
used for fingerprinting and marker-assisted selection is
a high level of polymorphism. Clearly, sorghum SSRs
meet this criterion. The % values for the 17 SSR loci
that were genotyped in 190 S. bicolor accessions range
from 0.83 to 0.94 (Table 4) and they have a mean of
0.89. Even Xtxpl5, the locus at which the fewest alleles
were detected (nine), has a d5 of 0.86. The significance
of these and the other &% values reported in this paper
for fingerprinting purposes becomes apparent when the
probability of distinguishing accessions using two or
more loci is considered. Both Xtxp6 and Xtxp43 have a
&% of 0.94 and both Xtxpl and Xtxp24 have a &5 of 0.92.
Conseguently, the probability that two S. bicolor acces-
sions chosen at random will have a different allele at at
least one of any two of these four loci is >0.99 [P =
1-(1-0.92)2]. Also, the probability that two accessions
will have a different allele at at least one of any three of
the loci is >0.999. Furthermore, the three lowest S. bi-
color &% values are 0.81 (Xtxpl4), 0.83 (Xtxpl7), and
0.84 (Xtxp21), and the probability that two S. bicolor



accessions chosen at random will have different alleles
at at least one of these three loci is approximately 0.995.

As noted in the Results section, the mean &% values
for the ten working groups of race caudatum listed in
Table 5 range from 0.88 to 0.67, and the overall mean
&% for the working groups is 0.81. These values indi-
cate that, for the SSR loci studied, the average proba-
bility that two accessions selected at random from a
working group will have different alleles at a SSR locus
ranges from 0.88 to 0.67, depending upon the working
group to which the accessions belong. Average &% val-
ues markedly lower than those of the ten races that
were examined were detected for only two of the work-
ing groups, namely, zerazera and number 80 (Tables 4
and 5). Furthermore, a % value <0.69 was not detected
for Xtxpl, 3, 6, 12, 18 and 43 in these two or any of the
other working groups. The significance of this is that,
given 37 values of only 0.69 at several SSR loci, the
probability that two accessions chosen at random will
have different alleles at one or more loci is approxi-
mately 0.99 when four loci are genotyped and approxi-
mately 0.999 when six loci are genotyped. Indeed, the
lowest % values for Xtxp3, 6, and 43 are 0.86, 0.80,
and 0.85, respectively. Consequently, the probability
that two accessions chosen at random from a working
group of race caudatum will have different aleles at
one or more of these three loci is >0.996. Furthermore,
the lowest &% values for Xtxpl, 12, and 18 are 0.70,
0.70 and 0.72, respectively, and thus the probability
that one or more of the six loci will have different al-
lelesis>0.9999.

Also to be noted is that the number of Xtxpl, 3, 6, 12,
18 and 43 alleles detected in race caudatum (17, 18, 18,
15, 16 and 17, respectively; data not shown) provides an
enormous number of potential genotypic combinations at
the six loci; more than 22 million. (Linkage has been dis-
regarded in these calculations because, with the excep-
tion of Xtxpl and Xtxp3, the six loci are unlinked, and
the Xtxpl and Xtxp6 linkage is 39 cM.) In addition, it
should be noted that alelic differences will be present at
most of the loci examined when two accessions are com-
pared in the manner just described. For example, com-
parison of the Xtxp3, 6, 12, and 43 genotypes for all of
the 190 possible pairwise combinations of the 20 acces-
sions of group caudatum disclosed allelic differences at
either three or four of the loci for 149 (78.4%) of the
combinations, at two loci for 40 (21.1%) of the combina-
tions, and at one locus (0.5%) for one combination (fur-
thermore, genotypes were available for both members of
the latter combination for only three of the four loci; data
not shown). Based on the group-caudatum &% values for
these loci, the probability that two group-caudatum ac-
cessions chosen at random will differ at at least one of
the four loci is> 0.9999.

A further consideration is the degree to which find-
ings derived from the working groups of one race can be
applied to the working groups of other races. Given that
the average &% for the 17 SSR loci in race caudatum,
0.86, is in the middle of the range of the % values for
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the ten races studied (see Table 4), it seems likely that
the findings are broadly applicable.

It was noted in the Results section that the 0% values
for SSR loci for the working groups of race caudatum
have a mean of 0.81, i.e., that, for the 17 SSR loci stud-
ied, the estimated average probability that two acces-
sions in a working group will have different aleles at a
locus is 0.81. Clearly then, most sorghum SSR loci are
sufficiently polymorphic to be useful in marker-assisted
selection programs. The analyses presented in the para-
graphs above indicate that the genotypes at as few as
three or four SSR loci are capable of distinguishing most
accessions from one another in S bicolor working
groups, even in working groups that are at the lower end
of the differentiation scale. A range of degrees of genetic
differentiation at SSR loci is to be expected among the
members of working groups, of course, and a larger
number of SSR loci should be genotyped in order to in-
crease the probability of distinguishing closely related
accessions. Also, fingerprinting of germplasm accessions
is most efficiently performed using a high-throughput
multiplex system wherein several SSR loci are analyzed
with a single reaction and in a single lane of an electro-
phoresis gel (Brown et al. 1996; Dean et al. 1999). Attri-
butes desirable for such a system include primer pairs
that anneal at the same temperature, primer segquences
that lack significant homology with each other and with
the fragments produced by amplification, and amplified
fragments that differ significantly in size. The group of
SSR loci composed of Xtxpl, 3, 6, 12 and 18 possess
some, but not all, of these attributes, and isolation, char-
acterization, and mapping of other sorghum SSR loci
may be required in order to develop a multiplex system
for fingerprinting sorghum accessions at loci that are
highly polymorphic. On the other hand, electrophoresing
the pooled products of several uniplex reactionsin asin-
gle lane of an electrophoresis gel can also be highly effi-
cient, and developing a system to accomplish this may
be considerably easier than developing a full multiplex
system. In any case, the fundamental point remains that
the results of this study indicate that the vast majority of
S. bicolor accessions, even closely related accessions
that are members of the same working group, can be dis-
tinguished from one another by determining the geno-
types at a small number, perhaps as few as a half-dozen,
SSR loci.
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