
Abstract Microsatellite markers are increasingly being
used in crop plants to discriminate among genotypes and
as tools in marker-assisted selection. Here we evaluated
the use of microsatellite markers to quantify the genetic
diversity within as well as among accessions sampled
from the world germplasm collection of sorghum. Con-
siderable variation was found at the five microsatellite
loci analysed, with an average number of alleles per lo-
cus equal to 2.4 within accessions and 19.2 in the overall
sample of 25 accessions. The collection of sorghum ap-
peared highly structured genetically with about 70% of
the total genetic diversity occurring among accessions.
However, differentiation among morphologically defined
races of sorghum, or among geographic origins, account-
ed for less than 15% of the total genetic diversity. Our
results are in global agreement with those obtained pre-
viously with allozyme markers. We were also able to
show that microsatellite data are useful in identifying in-
dividual accessions with a high relative contribution to
the overall allelic diversity of the collection.
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Introduction

Methods of measuring genetic diversity have an impor-
tant role within conservation programmes for genetic re-
sources of crop plants (Newbury and Ford-Lloyd 1997).

In the context of ex situ conservation of germplasm col-
lections, methods based on genetic markers are used to
address questions of identity, for instance to identify pu-
tative duplicate accessions, and questions of relationship
and structure, for instance to determine how variation is
distributed between individuals, accessions and races
(Westman and Kresovich 1997). Information provided
by the genetic markers is then used to design optimal
procedures to manage extensive germplasm collections,
in particular to highlight priorities in further sampling
missions, to design germplasm regeneration programmes
and to construct core collections. Many studies have
aimed at assessing the genetic diversity in germ-
plasm collections of crops using allozyme markers (e.g.
Morden et al. 1989; Maquet et al. 1997) or various types
of molecular markers such as restriction fragment length
polymorphism (RFLP, Cui et al. 1995; Dubreuil and
Charcosset 1998), random amplified polymorphic DNA
(RAPD, Fofana et al. 1997), amplified fragment length
polymorphism (AFLP, Tohme et al. 1996; Zhu et al.
1998). Recently, microsatellite or SSR (simple sequence
repeat) loci, which correspond to tandemly repeated
DNA with a very short repeat unit, have been introduced
as powerful genetic markers in plants (Morgante and
Olivieri 1993; Powell et al. 1996a). Comparative studies
in crop plants have shown that microsatellite markers are
more variable than most other molecular markers
(Powell et al. 1996b; Taramino and Tingey 1996; Pejic
et al. 1998) and provide a powerful methodology for
discriminating between genotypes (Yang et al. 1994;
Russell et al. 1997; Bredemeijer et al. 1998). Despite an
explosive increase in the use of microsatellite markers in
investigations on crop plants in the last 3 years, the num-
ber of individuals screened in any study remains low due
to the low throughput of data acquisition techniques
(Donini et al. 1998). In particular, we are aware of no
single study that has assessed the partition of genetic di-
versity within and among germplasm accessions of culti-
vated crops based on microsatellites.

Our global aim is to evaluate the potential of the micro-
satellite technique to investigate the population genetic
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structure of the world genebank collection of cultivated
sorghum. Previous studies on sorghum based on allozyme
markers have shown that genetic diversity is lower than
in other cereals like maize and barley and that genetic
differentiation is high among individual accessions
but low among the five races defined on the basis
of morphological characteristics (Morden et al. 1989;
Ollitrault et al. 1989; Aldrich et al. 1992). Recently, sever-
al microsatellite loci have been identified in sorghum
(Brown et al. 1996; Taramino et al. 1997). We have previ-
ously used three of these loci to assess genetic variation in
sorghum landraces from North-western Morocco based on
direct on-farm samples (Djè et al. 1999). Here we report
on our study of samples from the world-wide collection of
cultivated sorghum germplasm using five microsatellite
loci that were characterised with an automated fluores-
cence-based detection method. We specifically attempted
to quantify genetic diversity within and among accessions,
races or geographic origins. We also evaluated the poten-
tial of microsatellites to identify individual accessions
with a high relative contribution to the overall allelic di-
versity of the collection. We compared our results to those
obtained by Morden et al. (1989) using allozyme markers.

Materials and methods

Plant material

Twenty-five accessions from the world germplasm collection of
cultivated sorghum were obtained from ICRISAT (International
Crops Research Institute for the Semi-Arid Tropics). The acces-
sions were chosen to represent the five main races of cultivated
sorghum, with 5 accessions sampled from each race, as well as a

wide geographic distribution (Table 1). Ten seeds per accession
were allowed to germinate in a dark chamber at 22°C, and seed-
lings were transferred to individual pots into the greenhouse.
Leaves were taken for DNA extraction after about 4 weeks.

Microsatellite analysis

A total of 100—150 mg of young leaves was used to extract ge-
nomic DNA following a CTAB procedure (Doyle and Doyle 1990).
Five primer pairs of microsatellite loci which had previously been
shown to display a high degree of polymorphism in sorghum were
used in the amplification reactions (Brown et al. 1996; Taramino et
al. 1997; see Table 2). Polymerase chain reaction (PCR) conditions
were optimised by adapting annealing temperature (Tm), MgCl2
concentration and the amount of template DNA. The PCR reac-
tions were performed in a mix containing 2.5 mM MgCl2, 0.5 unit
per reaction of AmpliTaq Gold™ DNA polymerase in buffer II
from Perkin Elmer Applied Biosystems and approximately 10 ng
template DNA (2.5 µl), in a total reaction volume of 25 µl. PCR cy-
cling conditions were: a 10-min initial denaturation at 95°C; 34 cy-
cles of amplification of 30 s at 94°C, 45 s at either 55°C (Sb4–22,
Sb5–236 and SbAGH-04) or 53°C (SbAGA-01 and SbAGE-01)
and a 1-min elongation at 72°C; final elongation of 5 min at 72°C.
All PCR reactions were performed on a Mastercycler® Gradient
2331 version 1.2 (Eppendorf). The forward sequence of each prim-
er pair was labelled with a fluorescent dye (from Perkin Elmer Ap-
plied Biosystems) at its 5’ end: 6-FAM for Sb5–236 and Sb4–22;
HEX for SbAGA-01 and SbAGE-01; and NED for SbAGH-04.
The dyes were chosen in order to distinguish among PCR products
of similar sizes from different loci. This allowed the pooling of
PCR products from all loci in each well after appropriate adjust-
ment of their relative concentration. An internal size standard
(Genescan-350 with ROX dye) was also loaded in each well. Elec-
trophoresis and detection of PCR products were carried out on de-
naturing polyacrylamide gels (5% Long Ranger; 36 cm) using an
ABI PRISM® 377 DNA sequencer from Perkin Elmer with filter
set D. Gels were run for 2 h at 3000 V in TBE buffer. The resulting
electrophoregrams were analysed with the software GENOTYPER®

2.0 from Perkin Elmer. 

Table 1 List of sorghum germ-
plasm accessions provided by
ICRISAT

Race Code Pedigree Country Geographic origin

b1 bicolor 11010 PI 329252 Ethiopia Eastern Africa
b2 bicolor 21351 Kenya Eastern Africa
b3 bicolor 21862 HDW 306 Philippines Asia
b4 bicolor 22132 PG 122 India Asia
b5 bicolor 24503 South Africa Southern Africa
c1 caudatum 12123 PI 330909 Ethiopia Eastern Africa
c2 caudatum 17589 Scheihe Yemen Asia
c3 caudatum 21361 Kenya Eastern Africa
c4 caudatum 24792 Kubari Nigeria Western Africa
c5 caudatum 31504 US 661, Katome Uganda Eastern Africa
d1 durra 11114 PI 329357 Ethiopia Eastern Africa
d2 durra 17803 KEP 144, Palapu Jonna India Asia
d3a durra 20830 Irudan (Fodder) USA Americaa

d4 durra 23087 CER 19 Tanzania Eastern Africa
d5 durra 27182 TGR 1126 Zimbabwe Southern Africa
g1 guinea 7772 Doro Zabo Nigeria Western Africa
g2 guinea 21530 Malawi Southern Africa
g3 guinea 27731 PCI 100 Sierra Leone Western Africa
g4 guinea 30843 Cameroon Western Africa
g5 guinea 35180 Togo Western Africa
k1 kafir 14285 Botswana Southern Africa
k2 kafir 20851 Kraspje Madagascar Southern Africa
k3 kafir 26696 Kwazulu Engini: 1963 South Africa Southern Africa
k4 kafir 27076 TGR 210 C Zimbabwe Southern Africa
k5 kafir 30166 AMM 1154 Zimbabwe Southern Africa

a Not used when classifying ac-
cessions according to geo-
graphic origin
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Estimation of genetic diversity

Analyses of genotypic data were performed using the computer
programme GEN-SURVEY (Vekemans and Lefèbvre 1997). The ge-
notypic structure of the overall sample of accessions was analysed
with F-statistics computed according to Weir and Cockerham
(1984), with standard deviations estimated by jack-knife (Weir
1990). Genetic diversity within accessions was estimated using
four statistics averaged over loci: the percentage of polymorphic
loci at the 5% level, P; the mean number of alleles per locus or al-
lelic richness, A; the average observed heterozygosity, Ho; and the
average gene diversity, He, computed according to Nei (1978).
These statistics were averaged among accessions belonging either
to the same race or having similar geographic origin. Two-level
hierarchical gene diversity analyses were performed according to
Nei and Chesser (1983) to estimate the partition of genetic diversi-
ty within and among accessions for each race and geographic ori-
gin. We also estimated differentiation among races and geographic
origins using three-level hierarchical gene diversity analyses
(within accession, among accessions within group and among
groups). As a measure of genetic distance among pairs of acces-
sions, we computed the standardised RST statistic (Slatkin 1995)
with the programme MICROSAT ver. 1.5 d (distributed by Eric
Minch, http://lotka.stanford.edu/microsat.html). The matrix of pair-
wise distances was used as input for a principal coordinate analy-
sis using the package NTSYS-PC ver. 1.8 (Rohlf 1993).

Orientation of sampling strategies

Two methods were used to attempt identification of individual ac-
cessions with a high relative contribution to the overall allelic di-
versity in the collection. First, we evaluated the relative contribu-
tion (CA

T) of each accession to total allelic richness and its parti-
tion into two components (one due to the level of allelic diversity
within the accession; the other due to its divergence from all other
accessions) according to Petit et al. (1998). To standardise the re-
sults of allelic richness across accessions we used the technique of
rarefaction, which evaluates the expected number of different al-
leles among equal-sized samples drawn from the accessions (El
Mousadik and Petit 1996). Analyses were done with a sample size
set to ten gene copies per accession. The statistic CA

T for accession
k is computed as (AT-AT\k)/AT, where AT is the total allelic richness
of the collection and AT\k is the overall allelic richness obtained
when removing accession k from the collection. The contribution
to total allelic richness due to allelic diversity within accession k is
computed as (Ak-AS\k)/(n.AT), where Ak is the allelic richness with-
in accession k, AS\k is the mean over all accessions excluding k of
the within accession allelic richness and n is the number of acces-
sions (Petit et al. 1998). The contribution due to divergence of ac-
cession k from the whole collection is obtained as CA

T minus the
within-accession component computed as described above. Ana-
lyses were performed with a software provided by R. Petit. The
second approach was to apply a specific algorithm derived for de-
vising core collection strategies, the M (for maximisation) strategy

introduced by Schoen and Brown (1995), to select a subset of s
highly variable and well-differentiated accessions that represent at
best the allelic diversity in the overall collection. The method es-
sentially tries every subset of s accessions from the collection,
with the condition that at least 1 accession from each of several
predefined groups is chosen, and determines that/those with the
highest total number of alleles. Because we found little differenti-
ation among either races or geographical origins (see Results), we
modified the original algorithm by removing the use of predefined
groups. In our analyses, we used a value of s = 5. A computer pro-
gramme performing this analysis is available from the last author
(xvekema@ulb.ac.be).

Results

Characterisation of microsatellite loci

Figure 1 shows a typical electrophoregram obtained with
multiple sample loading. Optimal separation between the
five loci was obtained by combining differences in frag-
ment sizes and in fluorescent dyes. The total number of
putative alleles at each locus and the size ranges of these
alleles are given as observed in this study and as report-
ed in the original publications that first described the
corresponding microsatellite loci (Table 2). It appears
that all five loci scored in this study are highly polymor-
phic with many alleles (from 14–24 putative alleles) and
a wide range of product sizes (differences between the
longest and shortest alleles ranging from 34 to 84 bp). In
all cases the observed number of alleles is much higher
than reported in the original publications (Brown et al.
1996; Taramino et al. 1997), which is due to the larger
number and wider geographic origin of the accessions
used here. Also, for most loci the size range of PCR
products obtained here is substantially wider than that
intially reported. A similar observation was reported in
wheat and barley by Donini et al. (1998).

Genotypic structure of the germplasm collection

F-statistics over the 25 accessions are given for each mi-
crosatellite locus as well as their averages over loci
(Table 3). Altogether very little variation was observed
among loci with respect to the values of these F-statis-
tics. The overall inbreeding coefficient, FIT, has a mean

Table 2 Characteristics of the microsatellite loci

Locus Original publications This study

Repeat motif Number of Range of sizes Number of Range of sizes 
alleles (bp) alleles (bp)

SbAGA-01 (AG)33 6 88–106 18 82–116
SbAGH-04a (AG)39 8 110–170 24 111–161
Sb5—236b (AG)20 3 165–185 17 157–197
SbAGE-01a (AG)30 9 208–240 23 188–272
Sb4—22b (ACGAC)4/(AG)6 5 270–300 14 293–333

a From Taramino et al. (1997)
b From Brown et al. (1996)
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(± SD) of 0.86 ± 0.02, showing that the sorghum germ-
plasm collection is highly inbred overall. This inbreed-
ing is due in part to inbreeding within individual acces-
sions, with a mean value FIS = 0.55 ± 0.05, and in part to
strong genetic differentiation among accessions as
shown by a mean fixation index of FST = 0.68 ± 0.02.

Genetic diversity within and among accessions 

Statistics of genetic diversity within and among acces-
sions are given in Table 4 for the overall sample of 25

accessions as well as for each group of accessions classi-
fied either by race or by geographic origin. High genetic
polymorphism for microsatellite loci is observed within
accessions as, on average, more than two-thirds of the
loci are polymorphic for a given accession (mean
percentage of polymorphic loci, P=68.0%), more than
2 alleles per locus per accession are found on average
(A=2.4) and the probability that 2 randomly sampled al-
leles in a given accession are different is higher than a
quarter (He = 0.29). The distribution among accessions
of the total number of alleles recorded within each acces-
sion over the five microsatellite loci is shown in Fig. 2. It

Table 3 F-statistics over the 25
accessions of sorghum for each
microsatellite locus; FIT, over-
all inbreeding coefficient; FST,
fixation index; FIS, average in-
breeding coefficient within ac-
cessions. Mean values are giv-
en ± standard deviation (SD)
estimated by jack-knife

Locus FIT FST FIS

SbAGA-01 0.868 ± 0.043 0.629 ± 0.066 0.645 ± 0.106
SbAGH-04 0.900 ± 0.029 0.677 ± 0.063 0.691 ± 0.076
Sb5–236 0.854 ± 0.034 0.744 ± 0.042 0.434 ± 0.114
SbAGE-01 0.813 ± 0.044 0.658 ± 0.059 0.454 ± 0.093
Sb4–22 0.857 ± 0.032 0.719 ± 0.045 0.496 ± 0.102
Mean ± SD over loci 0.858 ± 0.015 0.683 ± 0.020 0.553 ± 0.054

Table 4 Genetic diversity
within and among accessions
of sorghum classified either by
race or by geographic origin,
and for the overall sample of
25 accessions

Groups of accessions Pa Ab Ho
c He

d HT
e GST

f

Classification by race
Bicolor 64.0 2.40 0.113 0.286 0.847 0.656
Guinea 72.0 2.24 0.089 0.224 0.742 0.689
Durra 56.0 2.24 0.071 0.260 0.801 0.661
Caudatum 80.0 2.64 0.178 0.364 0.782 0.520
Kafir 68.0 2.64 0.218 0.313 0.677 0.540

Classification by geographic origin
Eastern Africa 88.6 2.97 0.159 0.395 0.876 0.535
Western Africa 72.0 2.36 0.104 0.260 0.743 0.639
Southern Africa 57.5 2.25 0.152 0.244 0.791 0.684
Asia 50.0 2.00 0.113 0.237 0.745 0.706

Overall mean 68.0 2.43 0.134 0.290 0.897 0.668
SDg 28.3 0.74 0.092 0.142 0.033 0.051

a Percentage of polymorphic loci at the 5% level within accession
b Mean number of alleles per locus within accession
c Average observed heterozygosity within accession
d Average gene diversity within accession
e Total gene diversity
f Proportion of among-accessions differentiation
g Standard deviation

Sb4-22

Sb5-236

SbAGA01
SbAGH04

SbAGE01 M.W.
marker

3503403002502001601397550 100

Fragment size (b.p.)

Fluorescence
intensity

Fig. 1 Typical electrophoregram produced by the automated DNA
sequencer after multiple sample loading
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is shown that accessions with either low or very high
polymorphism were rather rare within our sample, and
none were completely fixed at the five loci. This is in
contrast to what was found for wild relatives of sorghum
(Morden et al. 1990; Schoen and Brown 1995) where the
majority of the populations are highly depauperate in
allozyme variation. It is not clear at present whether this
discrepancy is due to the origin of the material (domesti-
cated versus wild) or to the nature of the genetic markers
(microsatellites versus allozymes). Despite this high lev-
el of genetic variation within accessions of cultivated
sorghum, the average proportion of heterozygote indi-
viduals is low (Ho=0.13), in agreement with the high lev-
el of inbreeding noted above. 

The overall gene diversity in the entire sample is very
high (HT=0.90), with two-thirds of the diversity due to
differentiation among accessions (GST=0.67; Table 4).
Including classification according to races as a new level
in a hierarchical analysis of gene diversity showed that
53% of the overall gene diversity is due to differentiation
among accessions but within races, whereas only 14% of
diversity is due to differentiation among races. A similar
analysis using classification by geographic origin show-
ed that only 11% of the overall gene diversity is due to
differentiation among origins.

When the accessions were classified according to rac-
es, the highest overall gene diversity occurred in race bi-
color, whereas the lowest value of HT was found for race
kafir (Table 4). This seems to be due to a much higher
genetic differentiation among accessions belonging to
race bicolor than to race kafir (GST equal to 0.65 and
0.54, respectively) as accessions from the latter display a
somewhat higher genetic variation within accessions
than those from race bicolor. The classification accord-
ing to geographic origin revealed that the Eastern Afri-
can region has the highest overall level of gene diversity
as well as the highest diversity within accessions. In con-
trast, accessions from Asia have a much lower diversity
within, but a higher genetic differentiation among acces-
sions, than those from other regions.

Classical statistics of genetic distances between pairs
of accessions, as for instance Nei’s D (Nei 1987) could
not be used for microsatellite data because many acces-

sion pairs did not share a single allele at any locus as a
result of the large number of alleles observed (96 distinct
alleles in total). In order to estimate genetic relatedness
between accessions we used the RST statistic (Slatkin
1995) that takes into account the difference in number of
repeats among alleles. A principal coordinate analysis
was performed based on the RST distance matrix, and a
scatterplot of individual accessions against the two first
principal coordinates (PC 1 and PC 2, that explain to-
gether 36.5% of the total variance) is shown in Fig. 3.
Overall, accessions belonging to the same race or geo-
graphic origin are widely scattered, with the exception of
3 accessions from race kafir (k1, k3 and k4) which form
a genetically distinct group. 

Orientation of sampling strategies

The relative contribution to total allelic richness (CA
T) of

each accession and its subdivision into a diversity and a
differentiation component are given in Fig. 4. All acces-
sions from race bicolor have a positive value of (CA

T),
and thus contribute more than average to total allelic di-
versity. These positive values of CA

T are due essentially
to a higher than average divergence from other acces-
sions, but also to high allelic richness within the acces-
sion (for accessions b1 and b2). Two accessions from
race durra (d3 and d4) also show high positive values of
CA

T. In contrast, most accessions from race kafir have
negative values of CA

T, mostly as a consequence of low
differentiation among accessions from race kafir. Inde-
pendently of the morphological classification, all acces-
sions originating from Eastern Africa have values of CA

T
higher than average, with the exception of accession d1
(Fig. 4).

A modification of the M, or maximisation, strategy
derived by Schoen and Brown (1995) was used to select
a subset of 5 well-differentiated accessions that represent
at best the allelic diversity in the overall sample of 25 ac-
cessions. From the 53 130 possible combinations, we
found a single best subset that conserves 62 (65%) of the
96 alleles recorded. This subset contains 3 accessions
from race bicolor (b1, b2 and b4) and 1 from each of the
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races caudatum (c1) and guinea (g5). Three of these ac-
cessions originate from Eastern Africa (b1, b2 and c1).
Most of the subsequent subsets identified by the proce-
dure contain 2 accessions from race bicolor (b1 and b2),
1 from race kafir (k4), and the last 2 belonging to any of
the three remaining races. The accessions selected by the
maximisation algorithm correspond in general to those
showing a higher than average diversity component of
CA

T (Fig.4).

Discussion

Assessment of genetic diversity with allozymes versus
microsatellites

To our knowledge this study is the first to report esti-
mates of genetic diversity within and among accessions
of a domesticated plant species based on microsatellite
markers. A previous detailed study of genetic structure
within the germplasm collection of sorghum was per-
formed based on allozyme markers using 8 plants from
each of 83 accessions (Morden et al. 1989). These au-
thors found a low level of allozyme variation within ac-
cessions with an average percentage of polymorphic loci
(P) of 2.1%, and a mean gene diversity (He) of 0.008;
this is of an order of 30 times lower than our estimates
for microsatellite variation. Assuming that accessions
correspond to populations at equilibrium between genet-
ic drift and mutation in the absence of selection, the ex-
pected gene diversity is given by 4Nµ/(1+4Nµ) where N
is the population size and µ is the mutation rate per locus
per generation (Nei 1987). Based on this equation it ap-
pears that the mutation rate of the microsatellite loci sur-
veyed should be about 40 times higher than that of allo-
zymes. From their results, Morden et al. (1989) conclud-
ed that sorghum accessions were depauperate for all-
ozymic variation as compared to other cereals like maize
or barley. As similar studies with microsatellites in other
cereals are lacking, it is not possible yet to compare
among species. Studies based on nuclear RFLP have
shown that genetic variation is substantially higher with-
in wild than within cultivated sorghum (Aldrich and
Doebley 1992; Cui et al. 1995), suggesting the occur-
rence of a genetic bottleneck during domestication.

Morden et al. (1989) also reported that 91% of the to-
tal variation present in the data was found among as op-
posed to within accessions, which is higher than our esti-
mate (67%). This discrepancy could be due to the differ-
ent evolutionary properties of microsatellite and allozyme
loci (Estoup et al. 1998). For instance, the standard devia-
tion of GST estimates over loci is four times higher for
allozymes (unweighted GST = 0.87 ± 0.20, mean ± SD)
than for microsatellites (GST = 0.67 ± 0.05), which may
suggest that some allozyme loci are subject to either dis-
ruptive or homogenising selection. Also, theoretical con-
siderations suggest that the higher mutation rate of micro-
satellites, as compared to allozymes, are expected to bias
downwards the values of the parameters FST or GST

(Slatkin 1995). Using a presumably unbiased statistic,
RST (Slatkin 1995), we estimated that 71% of total varia-
tion is occurring among accessions (data not shown), a
value closer but still lower than that reported using allo-
zyme variation.

Based on allozyme loci, Morden et al. (1989) also
found that about 9% of the total variation occurred
among races of sorghum, a value close to our estimate of
14% for microsatellite loci. Hence, the two studies agree
in pointing out that the races of sorghum are not substan-
tially differentiated genetically, a result which is well il-
lustrated by our principal coordinate analysis (Fig. 3). In
conclusion, neither allozymes nor microsatellites do sub-
stantiate the system of racial classification for sorghum
introduced by Harlan and De Wet (1972) based on mor-
phological variation. However, based on nuclear RFLP
markers, Deu et al. (1994) showed some differentiation
among races kafir, guinea, and caudatum, with accessions
from race bicolor intermixed with all four. According to
Morden et al. (1989), genetic variation was more closely
associated with geographic origin than racial classifica-
tion. Our results do not confirm this observation, as only
11% of total genetic variation at microsatellite loci is due
to differentiation among geographic origins. A lack of
correlation between genetic and geographic distances in
cultivated sorghum was also reported by Aldrich and
Doebley (1992) based on nuclear RFLP loci.

Studies based on allozyme and microsatellite markers
also agree in pointing out that the highest overall gene
diversity occurs in race bicolor, whereas the lowest is
found in race kafir, with the latter displaying little genet-
ic differentiation among accessions. This is consistent
with race bicolor having more primitive morphological
characters (Harlan and De Wet 1972; Doggett 1988) as-
sociated with a wide geographic distribution and race ka-
fir being mostly restricted to Southern Africa. 

Management of germplasm collections of sorghum

Our results confirm previous assessments that the germ-
plasm collection of sorghum is highly structured geneti-
cally, with about 70% of the genetic diversity occurring
among accessions. This level of differentiation is higher
than the average reported for crop species (GST=0.34;
Hamrick and Godt 1997) but is common among predom-
inantly selfing species (average GST over 36 selfing crop
species=0.59; Hamrick and Godt 1997). Within acces-
sions we observe substantial inbreeding (FIS=0.55),
which would be expected under the mixed mating-
system model as a consequence of self-fertilisation at a
rate of s=2 FIS/(1+ FIS)=0.71. Similar levels of selfing
have been reported for sorghum by Ellstrand and Foster
(1983). Slightly higher values of the inbreeding coeffi-
cient (FIS≈0.70) were obtained using both allozyme and
microsatellite markers in cultivated sorghum sampled in
situ in North-western Morocco (Djè et al. 1999).

For highly structured germplasm collections, it has
been shown that molecular markers can be useful to opti-
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mise sampling strategies in the face of limited resources
for conservation (Schoen and Brown 1995). We found
evidence for unequal diversity and differentiation among
accessions of sorghum (see Table 4, Fig. 4). In particular,
we found the highest genetic diversities to occur in ac-
cessions belonging to race bicolor and/or originating
from Eastern Africa. Clearly, such accessions should re-
ceive a high priority in conservation. In close agreement
with this result, individual accessions from race bicolor
or originating from Eastern Africa were shown to exhibit
a high relative contribution to overall allelic richness and
were consistently chosen in a majority position within
representative subsets of accessions determined with the
maximisation strategy of Schoen and Brown (1995).
Moreover, each accession from race bicolor shows high-
er than average genetic differentiation with respect to the
whole collection, which may indicate that this group is
more ancestral. Other studies using molecular markers
also concluded that race bicolor is highly variable (nu-
clear RFLP, Deu et al 1994; mitochondrial RFLP, Deu et
al. 1995) and that accessions from Eastern Africa are
highly variable (Aldrich and Doebley 1992; Deu et al.
1994).

Accessions originating from Asia tend to show lower
genetic diversity locally but higher inter-accession differ-
entiation than those from other geographic groups. This
could arise as a result of a multiple independent introduc-
tion of sorghum associated with local genetic bottlenecks.
Molecular evidence for multiple introduction of sorghum
in China has been presented recently (Yang et al. 1996).

In conclusion, it appears that microsatellite data per-
taining to diversity within and among accessions of a
crop species may be useful in devising strategies for
managing highly structured germplasm collections. Their
use in genetic conservation should be encouraged, pro-
vided that successful strategies improving the analysis
throughput could be introduced (Donini et al. 1998).
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